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GOLDEN. COLORADO

20 April, 195

Charles H. Mc~utt, Colonel, Corps or Engineers
District Engineer
Albuquerque District, Corps of Engineers
P.O. Box 1538

* Albuquerque, New Mexico

Dear Sir:

In compliance with contract No. DA-29-005 .ng-280 entered into4
between the Colorado School of Mines Research Foundation and the
Albuquerqu~e District$ Corps of Engineers, on 15 June,, 1950, we sub-
mit herewith our report, together with the specified nwier of
copies of the appendix to the report.

Contract No. DA-29-005 eng-280 provided f or the field work,
laboratory work, anal1ysis and compilation of data in oonnection
with the "Bomb Penetration Project* as outlined on 15 Februazrys, 1950
by the Protective Construction Branch, Engineering Division (Military
Construction), Office, Chief of iEngineers, Department of the Arunr.

Fundamentals of penetration obtained during the course of the
field and laboratory work are presented herein and should prove help-
ful in designing fortifications to resist penetration and In design-
Ing and selecting bomb for attack,

Respectfully svbmitted,

V. Le lkttson# Director
Colorado School of Minne

ReerhFoundatiou, [no.
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Bomb Penetration Project L_S~Abstract

ABSTRACT i

The Colorado School of Mines Research Foundation undertook a Bomb
Penetration Project, a project designed and sponsored by the Protective
Construction Brinch, Office, Chief of Engineers, U. S. Army, as a coordi-
nated undertaking by the U. S. Airforce and the Army Corps of Engineers
to determine the penetration of inert bombs into representative types of
rocks. In the field, bombs of various types were dropped on "hard" Paxton
Springs granite and on "soft" Putney Mesa sandstone. Data were taken
to provide evidence for a study of the effect of the bomb on the medium
and of the effect of the medium on the bomb. The field data were supple-
mented by laboratory tests of the physical and elastic properties of the
rocks, by model bomb experiments, by photoelastic model tests, by mathe-
matical analysis of stresw distributions, by metallurgical studies of the
bomb metal, and by the development of a theory of rock failure and a
theory of penetration. As a result of the analysis of the data and of the
development of the theory, a penetration formula was evolved. This
"formula, the Livingston Penetration Formula, in thought to be valuable
in the design and selection of bombs to reduce enemy fortifications and

* in the design of fortifications to resist enemy bombs.
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Biomb Penetration Project i i
Summary

i4

SUMMARY

The objeet of the Bomb Penetration Project was to study the penetra-
tion of inert bombs into representative "hard" and "soft" rocks in an
effort to gain knowledge, both from field and from laboratory investiga-
tions, which would contribute to an understanding of rock failure andI
would prove useful in designing fortifications to resist attack and in de-

signing and selhcting bombs for attacking underground installations.

The field investigations comprised two parts:

(1) An analysis of the effect of the bomb on the rock.
A thorough study was made of the cracks in the rock,

the manner of rock failure, and the influence of physical and geo-
logic properties of rocks upon crater shape and bomb path. During
the field work a theory of bomb penetration was developed, and
evidence was accumulated in support of this theory.

(2) An analysis of the effects of the rock upon the bomb

The various critical dimensions of the bomb were compared before
and after the drop, the compaction of the iltert material in the
bomb was measured, photographs and measurements were taken
to record distortion or damage to the casing, specimens of fluwed
metal were collected, and specimens were cut from the bombs for

b metallurgical study.

Target sites for the tebts were ultimately selected for the "hard" rock
iests in the Paxton Springs granite and for the "soft" rock tests in the
Putney Mesa sandstone, both in the vicinity of Grants, New Mexico. The
target areas were cleared and smoothed, access roads were completed,
auger drillings were made, and marker areas and bull',s-eye targets wore
laid out. Diamond drill hole positions were patterned over the target areas,

F' and NX and EX cores were drilled to obtain specimens for physical rock
tests. Cores were logged and specimens prepared for laboratory study. To
determine absolute target elevation, height of drop, angle of fall, and angle
of impact for each bomb drop, survey controls wer established using
U.S.G.S. and U.S.C.G.S. bench marks, and topographic maps were then
plotted. During scheduled periods of bombing, radio control was main-

Stamned between a ground control station and the plane over the target. The
point of impact of each bomb dropped during the tests was reported to a
central plotting station from observation points and thus lcatnd oa

• block-grid system established both on a map and on1 the ground.

"Each bomb crater was photographed to record the distribution and
size of rock fragments relative to the line of flight, and then nmappd in
plan and crom-section. The bombs wer recovered from the cratems by
use of various equipment and procedures. As excavation proceeded, a
series of crosse-ction drawings and of photographs were made. After a
bomb had been completely exposed, a damage survey was conducted to
obtain information useful in analy7ing the results cd the tests. ombes
were then pulled from the craters and, it nn, eavation was eon-
tinued until the crater had been cleared to solid aock at the bottom. Bombs

, wore then dragged to a bcmb dipspeal sitte or not to thn ballistic resarchm

la atory. Crater map prepared for all bombs doppmd durng the

t
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programn recorded information obtained from topographic mapping, auger
drilling, and diaxnend drilling before the bomb was dropped; from the

apparent crater Immediately after the bomb was dropped; from the true
crater as excavation proceeded; from the damage surveys and field anal-
yses after excavation was complete; and from ballistic data obtained from
research after the completion of the field work.

Because the geologic processes that act upon rock masses affect the
penetration in the medium, detailed analyses were made of (1) the strati-
graphy, structure, and geologic history of the region; (2) the geology oi
the granite site target area; and (3) thie geology ut the *%ndatone site target
area. Petrographic studies of the mineralogy and alteration of the Zuni
granite, the iamproplhyrre dikes in the Zuni granite, and the Dakota sand-
stone wevre made to assist in the interpretation of tests of the physical
properties of the rocks,

Because weathering and alteration influence the physical properties
of granite, the granite cores were divided into two groups, weathered
granite and unweathered granite. Tests were then made In various labora-
tories to determine the following physical and elastic properties of the
sandstone, weathered granite, and unweathered grantite cores: total and
rupture, compressive imenth pact toughness, erscp hardness,
young's modulus, mtodlulus of 'rigidity, Poissons ratio, veloit of sound
and seismic velocity, said trixial copedestrength. (The pysics~l and
elastic Properties of the specimen. retblted in Fig. 72.)

Ballitic data were gathered for each of the 50 bomb@ dropped during
the test project. Certaini critical dimensions were recorded, curves were
drawn in whieh striking velocity was plotted against altitude above target.
and graphs were prepare to show the relatloauships among plane speed,
release altitude shove Ow target, and angle of fall.

At the Paxton Springs granite site, essentially three 1000 AP and
three 2M SAP bombs weon released at sash of three different altitudes,
end two 25,000 SAP bnmbs were released at 16.00 and 26M00 feet respec-

tiveI At the PutW Mess sandstore site, essentially three 1600 AP
br three 3000 WA bombs, and three WO OP bombs were released

tSa of threat diffret altitude.. for sash bomb dropped, data were
taen to p ovid eids for study ad (1) vertical penetration, without

a~ttem~ptng to GCoVee for soil thikes aoryblqtyoreooca
so (N atthe odt;M arater a to energy0M ; (3i

WoiA mDba ea te oheotw a sran(4)edamakleat
nowe ca. p a bseplate, and tins of each bomb. Crater m aan

of bacl~ipath aesmtuWfa o dgaf M
stone ~~ lo "ets adrtedaawer tabulated,

J 'l~Me rTuOSt of fle Wwork eOwed awt pemetravdie o ae gives type of
bomab dropped frees a givent altitude upon a reek taroet vere greatly,

* *~~ dayendwa upon the hsI* al and geMoWUgIe pertad 01th reck at the
. - ywuuut of isapet and upo the, strikin angoe a fleedby topography.

it ~ ~ ~ * was als evdn"htcm rese strength alone couldnt e eda
abobi for -ppnerrn eerde model bombing expriments
wereWO codce i h arodynanmles Laboratory of fth CMosiothao

of1irmes to investiate various prop"Wrteso bombs and various properties
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IHomb Penetration P'ro~ject V

of the mnedium upon penetration. The primary purpose of the model
bombng xpeimens ws t obain vidncepoiningtowrdsthe specific
fundmenal roprty f ay mteral hat an e ued s apenetration
ine. oelbmbmoe mtralan esig parts eeselected A

tQ rovde aritios i stikig eloity kieti enrgy setinal density
or ecionl resur ofVaios bmb, agl fobiqutyatwhich the

che edim. aboator tets elemad to tud deth f pnetration of
various bombs in a weak model material of constant strenth, the effects
of sectional density and uf sectional pressure upon penetration at constant
kinetic energy, the effect of comprersive strength upon penetration, the
variation of penetration with kinetic energy, and the variation of penetra-
tion with angle of impact.

Another type of model experiment was utilired in "Stress-coat" test-4 ing of models. Columbia resin CR439 and aluminum alloy models were
coated with Stress-coat and tested to determine (1) the direction of princi-
pal stress in the medium caused by impact of a model bomb at various
angles of obliquity, (2) the effect of vrous depths of penetration and of
various tye of bomb upo the stress distribution, and (3) experimental
data useful in analyzing field results.

A mathemtatical analysis of the stresse and displacements produced
.*'in s semi-infinite solid by a concentratad force at the surface was pt

pared. From this mathematical analysis, curves were drawn for variou
stress trajectory. and principal stress can be read for each of the cases

Both macroscopic saM microscopic metallurgical tests were made to
investigate the effects of bomb imnpact aNd periftration upo the meta Of

whih tebmbswere constructed. Specimens were h t determine
flow lines, stress lines, structure of flowed-mietal droplets, and changes
in composition or hardness.

Photoelastic studies were made to supplement the mathematical anal-
ysis of the strom distribution in the interior of a sasi-infinite solid due to
a eoncentrated fore. at the surfac and to investilgate the morecomplex
phesiosneno of stons distribution in such a solid due to a tn pWat
various poits and in varinos diretlam below the whsura bth olmbia

resn C49models @Wd gelatin models wre used. Data were gathered
for, two~dlmenslonal stresses #At various aNlsW cc iosdln& for sheer oon-
tours ins two- and the~iusilbodice, for hee contours and owre"
trajectories in the medhos.and for stress trdajtories in the medkim at
the nose of the bomb.

Preimiar pbtolaei.stuie wer made of the dtress dolsributIon
at the noean ne ar fth junctur afth nos Ond t" lindril porto
ofthe m*bq 7%ib 6141"aena stuie o Ahe
maximum sh 0MdistrbIMen in the MAW o a tUO AP bomb, a MIN
SMP bomib, a IMi SAP, and aS IM ( bomb kndlste how ea*h ad te
1Mfou3tpes of bomb1lls dr~ IIIn the bPenetrafts Projec e"I" be

-WIVO' a1;k' what whirroanv" .
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Summary

As a result of the combined analyses of the field results ,the labora-
tory results, the mathematical and photoelastic results, and the physical
and elastic properties of the rock, a theory of penetration was evolved.
The theory of penetration proposes that penetration of projectiles in rocks
occurs a a result of rock failure. Penetration begins when rock failure
begins and ceases when rock failure ceases. Therefore a study was made
of rock failure.

Ro*k failure, it is proposed, takes several forms, depending upon a
number of factors. At impact, failure is either by plastic flow or by crush-
ing and fragmentation. The limits of the zone of failure depend upon the
kinvitic energy of the bomb, the shape of the nose, the diameter of the
bomb, and the physical and elastic properties of the rock.

Rock failure is thought to occur in a sequence of three stages and to
involve three zones of failure-a "zone of crushing," a "zone of shearing,"
and a "zone of tension slabbing." In general the zone of crushing lies near-
est the bomb, the zone of shearing begins at the zone of crushing and ex-
tends outwardly to the zone of tension slabbing, and the zone of tension
slabbing extends to the surface .For a giver. type of bomb dropped on agiven• typo of rock, the amount of fine material is a measure of the pro.

portion of rock that ha failed by crushing. The amount of fine material
increass with the inpect t3ergy of the bomb; decreases as the sharpnes
of the nose Increas& out increases a the eroesectional area of the bomb
increases; and (when the bomb is dropped from a given altitude with a
given kinetic energy) depneds upon the elastic properties of the rock and
upon the stress runge rather than upon simple compressive strength,

The zone of shearig is characterized by two stages of failure: one
stage in which the rock Wal because of the energy transmitted from the
bomb to the medium; the other stage in which the energ im nted to the
medium causes the rock to burst into the cavity behind the bmb a in a
"reck burst" in a deep mine,

no energy with which the cavity fails causme rock to be carried up.
, ward and forces rock from the sae of crushin and from the first stage of"shearing failure into "0" (onio), "R' (radial), and "I" (inward) cracks

typial of the mae of tension sabig. e attitudes of these three types
o ifrctures• coincide with the three directions of maximum principal stme.
Saies the pica Atreis directions chea the bomb penetrates the

.1 mediun, the attitude of the fractures dependls upon the stres distribution
at the instant at which the facturve formed.

iThe mequeste of failure involves three ste Sto I is eracterised
7 by Murhls, In A e a the no"e of sheswing auW the snite of tor"Joabob"Wit oin to. ?bit ratio of the cratio rklius to the crotor depth

•r reo rosabois a maua . 0 cracks foam wi xin the soe ofdmurenl• i b nt n beyond into the son of tensioni slabbin. c racksl form nor.
11114-to do 0 cracks. and H cracks radiating about Ow "is of the bomb •
tamu porpenifi•" to the othe two syton of fractur. In S 3 a'Aon In the r/d ratiabMdue both to inceased reosbtora to rock &aiuto

withimmnd dpthand o areduction i h xeso eodtesnbue son in em rnial oth.ewl ttebm path and
to the r.0on considerably I the ground surface The downward ad-

4, =
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Summatry

vance of the rock-burst zone follows the release of compressive stresses in
the medium at the tail of the bomb equal in mag ftude to the compressive
stresses in the medium at the nose of the bombt.

The sequence of rock failure and the zones involved are illustrated
diagrammatically in Fig. 184.

From consideration of the phenomena of rock failure and of the in-
fluence of geology and topography upon penetration, the U~vingaton Pene-
tration Formula is proposed as a means by which the depth of penetration A'
of various types arnd sizes of bombs into rock masses can be predicted:V

Ilrn N,,
2.494 m. 'Q

It it is desired to compute the path length In rock to the point of wwmal
* penetration, the formula takes the form

P I-in, N
~RMFU~ 2Q6 m

If it Is desired to compute the normal penetration In rock, the formula
takes the form

N N
NR V QNR

where
b is p ath length of ny given bomb in rock X measured to the point
m of maximum apeneration, feet

vn Is athlekn-th of a ne footwdiamhter prototype bomb in a proto.
tysrfae o n e ob rock. Xfefea
Is the maximum depth of penetration measured normal to the reek

* NR Is the normal penetration of a LO.0foot.4lameter prototype bombin a protoitype roo eo feet
The IsPoiuens rat of rock X at t00 oonespr square inch. the

stress roang at w failure oewg. Fa sle om Waoo for
Dskota sondetone, the promtpe roeek.

rN Is theulaise p r

d is the adnieter ofhe bomb.s iet

""Wefit firemrm of the Lvtnon Pe netratio n iormula

tfitakes thefor -
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is referred to as the "rock factor." It is a measure of the lateral stress in
the medium, and the lateral stress in the medium is a function of Poisson's
ratio and of the axially applied force. Neither the axial force nor Poisson's
ratio is a constant. Moreover, Poisson's ratio is dependent upon the stress
range; therefore, it is necessary to establish a prototype stress range and a
prototype rock. By means of the rock factor term it is possible to predict
penetration In any type of rock from any part of the world.

The second term of the Livingston Penetration Formula
N

involves the nose factor and the bomb diameter. It was shown t.,t the
torm of the stress contours and the degree of fragmentation depended
upon the sharpness of the nose' of the bomb. The second term states that
penetration varies inversely as the diameter of the bomb. This relation
was determined from photoelastic studies and is at variance with the sec-
tional pressure formulas in which penetration is said to vary inversely as
%he square of the diameter of the bomb. Model experiments in which sec-
tional pressure and sectional density were the only variables showed that
penetration is independent both of sectional pressure and of sectional den-
sity at a given impact energy.

"The third term of the formula, the "Q" term, expresses the path
length, or the normal peqetration of a prototype bomb in a prototype rock.
The term expresses empirically the effect of'two factors: the decrease in
kinetic energy of the bomb between impact and maximum penetration,
and the increased resistance to penetration with depth.

The theory of penetration, as presented, should aid in the design andI- selection of bombs to reduce enemy fortifications and in the design of
fortifical .ons to resist enemy bombs. The specific conclusions and recom-
rnendations reached as a result of the investigations that constitute this
project are presented in detail in the last parts of this report.

"79 -' i
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PART A--INTRODUCTION

SECTION I-THE PROBLEM

I-Nature of the Problem

The Bomb Pene ration Project was designed and sponsored by the
Protective Construction Branch, Office, Chief of Engineers, U. S. Army,
as a co-ordinated undertaking by the U. S. Airforce and the Army Corps
of Engineers to determine the penetration of inert bombs into representa-

* tive types of rocks. The purpose of the project was to supplement
available information un effects of underground explosions and to deter-
mine the relative effectiveness of specific bombs for attacking enemy
installations. A total of 50 inert bombs was drop ed during the tests by
flying missions originating at Edwards Airforce Base, Muroc, California.
Four types of bombs-1600 AP, 2000 SAP, 2000 GP, and 25,000 SAP--and
two types of rocks were tested.

One type of rock was selected from the group of "hard" rocks-granite,
basalt, or hard limestone--and the other type of rock was selected from
the group of "soft" rocks---shale or soft sandstone. Because of previous

Sexperience, which had shown that general-purpose bombs deformed or
ruptured when dropped from high altitudes, the 2000 GP bombs were
tested at the "soft" rock site only. Two SAP 25,000-pound T28E4 bombs
were available for the tests, and these were to be dropped in the "hard"
rock group,

Inasmuch as granite had been selected from the "hard" rock group
- and tandstone from "soft" rock group for the Underground Explosion

Test Program, the same two rock types were favored for the Bomb Pene-
tration Test Project. However, basalt, limestone, and shale sites were
considered during the site investigation, which embraced the entire west-
ern part of the United States. Suitable sites were eventually located near
Grants, New Mexico, in Zuni granite and in Dakota sandstone.

Previously, experiments had been conducted to determine the pene-
tration of projectiles into concrete slabs, soils, and armor. As a result

* of experiments in this country and in England, several empirical formulas
were available for the bomb penetration tests in rock. Because of the lack
of homogeneity in rock mases, which is a result of the geologic processes
that have acted upon them, it must be recognized that the number of
variables affecting penetration is greater than for any of the materials
previously tested,

2-4hlectires ofTh. Bomsb Peastratles Project1
The Bomb Penetration Project resolves itself into two parts: 1) a

study of the effect of the bomb on the rock and 2) a study of the affect
of the rock upon the bomb. The field work was supplemented by labor-
tory work in which I) the rock and the stress distribution in the rock
ar 2) the bomb and the stre distribution in the nose portion of the
bomb were studied.

.. .
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I omb Penetration Project
Part A-Section I

The objectives of our study of the rock and the effect of the bomb

upon the rock are to determine answers to the questions:

1) How does a rock fail as a result of bomb impact?

2) Is the method of failure the same in granite as in sandstone?

3) How are the physical and elastic properties of rocks related to
their ability to resist penetration?

4) What determines the shape of the path of a bomb in rock?

5) Is penetrction a function of the sectional pressure or of the sec-
tional density of a bomb?

6) Does the resistance to penetration increase with depth?

7) What factors determine the size and shape of a bomb crater
in rock?

8) How do geologic planes of weakness influence the crater shape and
the depth of bomb penetration?

9) How and why does "tunneling" of a bomb in rock occur?

10) What geologic and topographic conditions minimize the penetra-
tion of a bomb into rock and provide the maximum protection
"against attack?

11) What types of damage to underground installations in sandstone
and granite are possible using the types of bombs dropped in
the test program?

12) What is the relative effectiveness of various types of bombs in
damaging underground installations?

13) Do all sandstones or granites behave alike? How can the results
of the Bomb Penetration Project be applied to similar rocks? 1

14) Can the theory of penetration of bombs be used to improve the
design of fortifications?

15) How can the vulnerable portal area of an underground installation
best be protected against bombing?

Our objectives in the study of the bomb and of the effect of the rock
upon the bomb are to determine:

1) Which of the various types of bombs tested is most effective for
penetrating rock?

2) Can the deuign of bombs be Improved to increase their ponetra.
tion into rocks?

3) At what altitude can low-order detonation be expected when
bombing with general-purpose bombs?

"4) Can the design of general-purpose bombs be improved t, minimise
low-order detonation?

5) What structural changes and hardness changes take place in the

mal tb un
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Part A-Section I

6) What is the stress distribution in the nose and in the forward
part of the cylindrical portion of each of the types of bombs tested?

7) Can the shape of the nose and the distribution of metal be im-
proved to increase the strength of the various bombs tested
without increasing the weight of the bombs?

8) What future types of bomb will be most effective against under-
ground installations?
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in arranging for equipment used for sir-to-ground communications.
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SECTION If=--ELD PROCEDURE

I-sile Selection

Preliminary site selection surveys were conducted by the North
Pacific, South Pacific, and Southwestern Division offices to determine
the availability of suitable sites for tests in accordance with the follow-
ing site requirements:

1) One hard-rock site from the group comprising granite, basalt, or
hard limestone and one oft-rock site from the group comprising
shale or soft sandstone to be located within fairly close geographic
proximity of each other.

2) The sites to be 4000 feet in diameter, as flat as possible, free of
large stones and boulders, with a minimum of overburden. The
rock to be as homogeneous as possible to a depth of approximately40 feet, and within the target area to be free from large crac~ks
and faults.

3) The minimum distance from any habitation to be 2 miles. The
minimum distance from a town or city to be 5 miles. The air-
line distance from Edwards Airforce Base, Muroc, California, to
be not more than 1200 miles.

4) The cites preferably to be within 25 miles from a town and pref-
erably to have good roads for access by truck. 4

Suitable sites were located by the Seattle District, south of The
Dallas, Oregon and west of Twin Falls, Idaho; by the Los Angeles
District west of Gila Bend, Arizona, and north of Tuba City, Arizona; by
the Sacramento District, east of Castledale, Utah, and south of Delta,
Utah; and by the Albuquerque District, near Vaughn and near Grants,
New Mexico.

The Utah and New Mexico sites were visited by I. 0. Thorley, Chief
of the Protective Construction Branch, O.C.E., and C. W. Lin t, con-
sulteant. As a result of their examination, sites were tentatlvelyaselected
near Mt. Sedgwpek, Southwest of Gnats, New Mexico. TheW selections
were contingent upon the results of an exploratory diamond drilling
progam n upoa additional geologic work. The results of the diamond
dll a at the soft rook sits proved to be unsatisfactory. Acwdinly,
the ar. area was abandoned temporarily, and a search fir a
"sutable sft rock site was resumed in the vicinity of Vaughn, New
Meico, where a suitable bard rook site had been located. Again it proved

possibleto v mosttheqe nqSuirements for a soft rock site, and

A possible Sandstone site was located in the Glorieta samstwone mess-
ber of the SoAndrew faatVI-ain the Bluewater-Toltec greSgion ws
04 Greats, Atw -ae beflinng of field work bY~~ri
Schoo df mum c II I1c. it was intended fi wea the
Dlurr4onio. ML esick ift aft b.
cause of the abundance of timber to be remtoved him theM. ys

to site and the lack of suitable ohsramtioa=ts
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Bomb Penetration Project 9
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As the detailed geological wrk proceeded at the Bluewater-Toltec
sandstone site, it became evdewnt that the proposed target surface had
been beveled by erosion and that limestone lenses were present in the
Cllorieta sandstone. Accordingly, the search for a more suitable sandstone
mite in the Grants area continued. As a result of this search the Putney
Mesa sandstone site in the Dakota sandstone formation was located.

Fig. 1, an Index Map, showa the location of the Paxton Springs gran-
itesit, ad te Ptne Mea sndsonesite in relation to Grants and

Albuquerque.

2-Field procedure
a) Target Preparation, Access RoadsI

At the Paxton Sprngs granite site merchantable timber, consisting
of sound trees 12 inches in diameter or over, was removed from a 300-
foot-diameter target circle and from the four 150-foot marker circles 4
by the U. S. Forest Service. Trees from 4 inches to 12 inches in diameter
were removedi by A. &. Blevins, a lumberman from Grants, New Mexico,
of Zrnginees rs and trees asmaller than 4 inches In diameter were

remoed romthetagtadmrearabyteClaoScolf
Mines Research Foud~n I. Tie target area was broadened to a
400foot-diameter circle aqd the ares was smoothed with a bulldozer
blade, A grid pattern of roads was built through the granite site, and

acesroads were built to connect the target and marker areas, the
observation points, and the State road btem rnsadPxo
S=prig. WOe h togrph, Fig. . taken from Drawm a observation point

shows the grn te cte trget are after the tUmber hAd been cleared and
the roads coomleted.

The Putney mes sandstone site was thickly covered with pinion and
scrub osdar- As a result of experience with bomingt at the granite site,
it was decided to increase the mis of the central cleare are to soo
feet in diameter, but to keep the Aou mare areas the same size andthe same -distance apart As at the granite site, a grid system of roads
was b141114100d through the target area, and the are was divided into
lines and rows or 11104m squares blacks. The block boundariee were
marked on the ground by mesans of sign posts placed along each side
of the idrasand at the block ownuer within the U-oot-diameter
target dd

, ft s5,tm do
are at tWR6 U s~dt~ ite. Tecsrtibackground of
dri WUUmeUMffs-7wtarget markig

do thm bed o ean Gem ::- t~- target arei a th nd
blown @ad on Up f the DAkota sandstone was waothd off to a uniform
t~hieka wift the bufliser Wlide
b) Diamod Vdi~li, Spedamm Prepertion and Care Legging

Desima.f hevarlabiliti In pyical and elastic roglsof rock
qeecmeau from the same drill holes or from adjacent le and1U*1teo oin imn rl qupeti i u
oftetm oe oW tw odi ttre
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hole spacing and the distribution between EX and NX holes were com-
puted from the core requirements adjusted to the footage of recoverable
and usable core. The hole depths were based upon the expected depths
of bomb penetration using a Modified Petrie Formula and values of K
equals 2 for sandstone andK equals 1 for granite. The pattern of drilling
was adapted to the original idea of using 130-foot square targets. Figure
4 shows the drill pattern and drill hole numbers used at the granite and
the sandstone sites.

Diamond drill hole positions were staked out on the ground with
transit and steel tape. At the granite site, holes were bored through the
overburden with an auger at the staked position and eased with 4-inck.
or 6-inch casing. Because of the shallowness and unconsolidated nature
of the overburden (a wind-blown sand) at the Putney Mesa sandstone
site, it was unnecessary to use the same procedure. Instead, the sand
was shoveled aside and the drill holes were collared on bare sandstone.
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Two underground-type diamond drills designed for column mount-
ing, one a Joy-Sullivan HS-15 and the other an Ingersoll-Rand Explorer
type drill, were used for drilling the target site to obtain cores for
physical rock testing. Drills of the air-operated, screw-feed type were
adapted for surface drilling by being mounted on a framework bolted to
the rear bumper of a 6x6 truck-mounted compressor unit as shown in
the photograph, Fig. 5. The truck was backed up over the eased drill
hole and jacked-up off its springs, and the rear axles were blocked.

Holes of both NX and EX size were drilled to obtain specimens of
the desired size for physical rock testing. The hotograph, Fig. 6, shows
one of the rigs in operation with EX rod, E to adapter, and NX double-
tube core barrel. A "Truco" beveled, round-nose coring bit followed by a
reaming shell was used for drilling both sandstone and granite. The
drilling rate was 3 feet per hour of actual drilling time in granite and
5 feet per hour in sandstone. The compressed-air supply of the truck-

U..
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£2 Bomb Penetration Project
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mounted, 105-cfm compressor unit of each drill rig was supplemented by
operating a 215-cfm trailer-mounted compressor with two discharge lines
from the receiver, one feeding into the receiver of each of the 105d.cfm
compressors.

A drill crew consisted of a runner and a helper. Drilling was done
on two shifts at each site. Laying pipe, erecting light lines, and other
preparatory work were done on the day shift whenever possible.

Diamond drill cores were logged in the field office at Grants. New
Mexico, (see photograph, Fig. 7). A typical diamond drill core log for a

* drill hole in granite is presented as Fig. 8, and a typical log of a sand-
stone drill hole is presented as Fig. 9. During the process of logging, the
core recovery of each drill run was computed and recorded in column
1 of the drill log. Column 2 shows the number and the position in the
hole of samples taken for physical rock tests. The columns to the right
of the description show the distribution if the spet-imens for testing.

T4
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2

2 7.% V16 7 r.ll pieces of broken, weathered, granite gneiss

4 %

4.61

2 C. Gore all from weathered zone. Feldspars altered
It-6 i, to clay. 45* joint between samples 1 and 2.

571 0/ Vertical joint above sample 3. Humerous breaks
'~ V ( caused by drillinS.

3- -

~' 4'

9.5
This core is still in the weathered zone.
Below sample 6 there is a horizontal joint

6- \ followed by a vertical joint. Recovery
129 . ,%. between samples 6 and 7 limited to small

95% . broken pieces.

43-
8.. -/T 14.5'

9- ,Between 8 and 9 alteration of mioas to chlorite,
is ' alteration of feldspars stops and chloritization

9- " , begins. Rock becomes more dense.
900 "" "60 joint between sections 10 and Ui.
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Description 0 a7

IL
0 Cement. plug

2.41

Z 7 small pieces of broken, weathered, granite gneiss

4. 6'

I Core all from weathered zone. Feldapars altered 2
,\ to clay. 450 joint between samples 1 and 2.I
/ Vertical joint above sample 3. Numerous breaks

caused by drilling.

41 / 4
9.51

/1 This core is still in the weathered zone.
,/ Below sample 6 there is a horizontal joint
/ \\ followed by a vertical joint. Recover

between samples 6 and 7 limited to smnall
broken pieces.

14.5'

/.. Between 8 and 9 alteration of miicas to chlorite,9
alteration of feldapars stops and chloritizat~ion
begins. Rock becomes more doene.
60* joint between sections 10 and 11. I

a t
Botto, hole.*
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E~j Descriptiount
X I, - _ _ _ _ _ _ _ _ _

* *. Overburden

24

9- At the surface and down 0.5 feet there are
60* joints. Good core, constant compositionl

83% 10 *... to 5.0 feet.
4

5.0'

(I Sandstone becomes calcareous from approximately
6.0 feet to 6.9 feet. Small veinlets of calcite

I 2 in this layer. Irregular Joint pattern just
895% above calcareous layer.

-130

I 14D'

14 Good core of constant composition.ut o

Is% 1- *. sall open joints at irregualar intervals.

20-

191Bottom.

74 * Fig. No. 9

Elevation of Collor $sob. 0113ft. DoLU
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Part A-Section II

I "
Tests were made at the United States Bureau of Mines Laboratory in
Colleg Park, Maryland, at the structural laboratory of the United States
Bureau of Reclamation in Denver, Colorado, and in the Mining Depart-
ment, Physics Department, Petroleum Engineering Department, and the
Geology Department of the Colorado School of Mines in Golden, Colorado.
A complete set of drill logs is contained in the appendix to this report.
(See Appendix, Part A.)

Specimens were cut from the drill cores at the positions marked on
the core and on the core log. The photogaph, Fig. 10, shows the process
of cutting the specimens to proper length using a water-cooled diamond
blade on an electrically driven "Skilsaw." Using the device shown in
the photograph, it was possible to cut off the specimen with the ends
square and ready to use in the testing machine. A carborundum blade was
used in place of a diamond blade when cutting speciments of sandstone.

c) Auger Drilling

The depth of overburden at various places throughout the target area
first was determined by auger drilling during site selection to make
certain that the thickness of overburden was not so great that the site
would be unsuited to the Bomb Penetration tests. Again, after the targets
were laid out in their final position on the ground, lines of auger holes were
drilled on a 75-foot coordinate pattern covering the central cleared area
In places where the overburden proved to be thickest, the bulldozer
scraped off the high spots. At the sandstone site, the thickness of the
wind-blown sand could be estimated approximately without auger drilling.
The center target area was smoothed with the bulldozer blade first;
then a pipe probe, rather than an auger, was used to determine the
thickness of the overburden. The position of the auger holes and of the
probe holes is recorded on the topographic maps.

d) Surveying and Topographic Mapping

In order to determine the absolute target elevation, the height of
drop, the angle of fall, and the angle of impact for each bomb drop, it
was necessary to establish both horizontal and. vertical survey control
at each target site. Coast and Geodetic Survey triangulation stations
were the starting bases for horizontal control.

Triangulation sturveys were chosen as the fastest, esiest, and most
accurate method of providing horizontal control beeause of the distances
involved and the type of terrain and vegetation preset. Primary and
seondary b.an lines were establishld at cmvenient points, and the tri-
angultion net was broadewd to include the tarot area and the obeervs-
tion mae. (See Appendix, part B, for maps of the tr"iaulation system.)
Three observation points wore seleted so as to provide complete vioi-
bility of the bombing target at ema site and spaced in uch a manner
as to assure a highdeam of spottlnag.curacy. The observation Pou

W part of network At th granite ste the

tmeseswere tbed lte, the Rvesmarb t d miq a ovb
ts.At *Aswudimeo ah*a wmm 'MAwa""

use "Ne *kand Luies,"ýf .W0 U amuses; whos coerdniuma
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&nd elevations were known, were sufficiently close to the target area

Vertical control at the granite site was established by running a
series of closed, precise-level loops from U.S.C.G.S. bench mark P47-1934,
which was located 2 miles south of the target area. Two concrete bench
marks were established in the target area, and the elevations of other
triangulation, traverse, and topographic control points were recorded
as a part of the final loop of the precise level system.

At the sandstone site the distance to the nearest accessible U.S.C.G.S.
bench mark was 14 miles. The elevations of the U.S.G.S. triangulation

* . stations "Rock" and "Loedge," both close to the target area, were known.
Because of the distances involved, and considering the accuracy with
which the altitude of the airplane on the bomb run could bedermnd

* ~it was decided to establish vertical control from U.S.G.S. "Roc;k"by
triangulation. As a rough check on the triangulation levelling, barometric

levels were carried from the Santa Fe depot at Grants to the site several

Tgra c mnaps of the central cleared asea of the granite site (see
SAppeni, atB) and of the sandstone fite (see Appendix~,Part 8)

were constructed to ascale oflIinch equals 30 feet using a M-oot con-
& ~tour interval. Topographic maps of the entire target amd marker area

of the granite site (see Appendi, Part B) and of the sandstone site (wee
AppendiX, Part B) were constructed to a scale of I Inch equals 50 beet,
using a 5-foot contour interval.

e) Target Layout and Target Marking

Ii - ofVarious tagtlayout patterns were considered by --prsenttive
ofthe PoetvCosrcinBranch, Office,CheofM iwsan

of the Colorado School of Mines Research Foundation, Inc. before the
beginning of field work. It was finally decided to provid, several 1150-
foot square bombing targets and four 110-foot square markers - son
as to positively identify the target. The pattern originally used at the
granite site consisted of five 150foot squares arranged in the fornm of

*~ a0rs within the central cleared area and one 150-oct suiar marker
in the center of each of four 300-foot-diameter cleawed marker areas m0
feet out from the center of the center targe. 1'be 150foot square targets
within the central cleared are were reforme to as the 12 o'cock, 3
o'clock, 6 o'clock 9 o'clock, and zero targets. 'The 12 o'clock target Was
the north arm of the rsand the set. target was the center of the
cross. The tagets were stakeod out and diamond drWl boair placed in
the center adtdofour Poiets of each 1fotK square.

in fth seria 9 11, the 4 o'clock target amd the 6wr
markters ar n to= ~ k3 .Oelek, said bentr e "shv

redpattern Mtvs *tw wht a*it -s mft mEa
the Mi. fw the* fis ew kemblug s 1m wIa esg U d

thehomerlr ~~d hatthetaret qebe shengd to a akels
in order Isiul s mlt fea t nii qMer

7-,7 7 -7..
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than a target square. Acting upon this suggestion, a 150-foot-diameter
bull's-eye was placed in the 2 o'clock position as shown in the aerial photo-
graph, Fig. 12. The black center of the bull's-eye is 40 feet in diameter.

As a result of bombing experience at the granite site. the target
layout at the sandstone site was further modified as shown in the aerial
photograph, Fig. 13. The four marker areas are slightly in excess of
300 feet in diameter, and because of the contrasting background of the
buff sandstone and the green trees, the 150-foot white squares were
eliminated. Because of the thick growth of cedar and pinon, the num-
ber of grid roads through the target area and the size of the center target
clearing were increased. The bull's-eye was the same size as that used
at the granite site. It was placed slightly off-center in the 600-foot-
diameter central cleared area. The off-center placement of the target
was based upon the observation that most of the bombs at the granite
site over-shot rather than undershot the target. However, at the sand-
stone site it would have been just as well to center the bull's-eye in
the clearing, for as many bombs fell short as fell long.

Various materials for marking the targets were tried. It was deter-
mined from these experiments that white was visible from the greatest
distance and that a white target was sharpest when outlined with black.
Flour, pumice, and mixtures of flour and pumice were tried. A pumice
deposit was being mined near Grants. New Mexico, and a substantial
supply of 325-mesh pumice was available. Since commercial demand for
this grade of pumice is not great. the price is much lower than that of

"I'• other grades. The price was much less than that of any other suitable
material.

By experiment it was determined that pumice turned a buff color
when wet. but that it would stick to the ground better if put on wet
rather than dry. The addition of flour to the wet pumice reduced the
tendency of the mixture to blow away. Placed on wet, a mixture would
"dry in a few hours., and as it dried the buff color would change to white.
The first method used for marking the granite site targets was to pump
a water suspension of pumice through spray nozles as shown in the fl ot: -
graph, Fig. 14. This method proved to be slow and produced an erratic
covering. The afternoon New Mexico cloudbursts were capable of de-
stroying such a target marking in a few minutes.

The meth(od of target marking that wax finally used was to distribute
halls of pumice over the target, then break the begs and spread the
pumice dry on the dew-covered ground an hour before the bomber was
due to arrive at the target.

A deposit of volcanic cinders was eonveniently located at the ede
of the granite site target The black cinders wen used to outline the
white targets on the ground. Three stages of arng a target
shown in F1r. 15. 16. and 1. FIure 15 shows the nde from the vol.
canic cinder dqist bein& hand-hoveled into tiw beck of a wespsonCarrier. •_xe I shows ci, nders being qmeW On te bonare
of a previously staked l6O-foot marker siuar.le 17 a busl'..ye
target with basOf pumces disributed preperearoy tosredn te

0 f) Bombing and Communcatkins
The target arm at both the granite and the eanAston. sit, were

S!T,
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just inside the boundaries of the Civil Aeronautic Administration "Green-
airlane" and also within the 150-m!il-radius Los Alamos defense zone.

To complicate the situation further, the state road to the granite site
was a main access road used by the Forest Service for fire fighting.
The scheduled period of bombing coincided with the maximum fire haz-
ard period. As it happened, several forest fires broke out in the sur-
rounding area during the season, and the Forest Service requested the
Colorado School of Mines Research Foundation to make available a
bulldozer and fire-fighting equipment if a situation developed that they
could not handle.

The problem of air clearance was solved by meetings of represen-
tatives ofthe Air Force, the Civil Aeronautics Administration. t~ae Albu.
quorque District Corps of Engineers, and the Research Foundation, The
procedure worked out in these meetings was as follows: A bombing
schedule was agreed upon, and all bombing during any scheduled day
was to be accomplished before noon. The bomber plane was to report
its estimated arrival time over the target to Acomita radio. All commer-
cial and military aircraft were to be routed to the south of the granite
target and to the north of the sandstone target. Before each bomb release,
the pilot of the bombing plane would be required to obtain a clearance
from Acomita radio and a clearance from the ground crews. Only one
bomb was to be dropped on each bomb run.

It was essential to the success of the Bomb Penetration Project that
"each bomb crater be marked on the ground immediately after impact,
and that any unusual condition be immediately reported to the- central
control station so that the height of release could be modified if the
situation warranted doing so.

Spotting maps were constructed in advance of the tests, and the
spotting accuracy was checked by using dynamite charges to simulate
"the effect of a bomb burst. Figure li is a spotting map of the granite
site, and Fig. 19 Is a snottinq map of the sandstone site, The position
of points of imoact of all of the bombs dropped during the test is repro-
mvted by the black dots numbered according to the C.8.M. bomb num-
bar. Angles left or right from a flag at the center of the central cleared
area to the point of impact were simultaneously measured by means
of transits set uo at three observation-triangulation stations. Results were
reported by SCR-4 "Horseis-talkle" radio to a central plotting station

1 located at the main ground control station, The Intersection on the
saotting maps of the three lines from the obea,-atlon stations located
the point of impact. The result was radioed to "Rover." a weapons-carrier
teem of two men, whose duty it was to enter the btumbing area, mark
the crater. inspect gen&Wapurpose bombs for casing failure, and retire
from the area betore the next bomb run began, As may be observed
by inspection of the spotting maps, the point of Impact is defined by a
blockt-id system esablished both on U* moe and an the pround. The
point of impact of Bomb 5. for example, would be described as within
the southwest comer of block 06. (See Fla. 18.)

* At each observatitn station one main in additism tee the transit oper.
sttr was aisigned to watch for low-flying aircraft. Road blaeks were
establishei tUs regulate traffic into and out We the arna on bambing days.
Each raod block was equipped with a SCR-4 "If,,ire-talkle" radio s.
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Bomb Penetration Project SSPart A--Sfttion 11

that it was possible to communicate with the main control station or
with any one of the ground crews in the bombing area.

Figure 20 is a view of the layout of the main control station at the
granite site. The plotting table is In the center. The VHF air-to-ground
radio truck is to the left of the plotting table. The weapons carrier to theI
right is equipped with "Horste-talkie" radio and Is used by the "Rover"team. The weapons carrier to the left is an emergency standby. The
photograph, Fig. 21, a close-up of the spotting table, shows the mannr
n which the coordinates of the point of impact were determined after

receiving the angles left or right from each of the observation stations.
Each thumbtack on the board is an observation station, and each string
represents the line of sight from the observation station to the point
of impact. Readings were repeated if an excessively large triangle of
error resulted.

The photograph, Fig. 22, is a close-up of the radio equipment used

for air-to-ground communication after the tests had progressd somewhat.
This setup is superior to the pickup truck mounting shown in Fig. 20.
The entire setup was covered with a tent when not in use. The batteries
were charged while in use, and also after each period of bombing by
means of the C-10 APU gasoline-engine-driven generator set, which is
located to the right in the photograph. A low-frequency radio receiver

M' 1 1 1.I
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"I~
was used for a standby in case of VHF radio failure. A "Holvie-talkie"
set was conveniently placed so that measages received on "Dog" or
"Able" channels of the VHLF radio could be relayed to the ground com-

imunicatlons system. Arrangements were made with the pilot so that com-
munications from the plane to the main control center using the 50
frequency of the "Horsie-talkie" ground communications system was
possible at all times while the plane was over the target.

At the beinning of each day of bombing, the program for the day
was reviewed by the pilot and the project manager as the plane approached
the experimental area. The plane speed, the plane heading, the altitude of
release, the bomb type, the bomb weight, and the critical dimensions of
the bomb were radioed to the ground control station immediately following
each release. Plans for the following day or for the uncompleted portion
of the tests were discusaed while the plane was still within radio range
after the day's mission had been completed.

The photograph, Fig. 23, is a view of the granite s•te taget from
observation station "Fred's Pipe." The target, three of the markers, and
most of the access and grid roads were visible from this station. Similar
views of the bombing area from other angles were obtained by observers
at other stations designated on the spotting maps. The photograph Fig. 24,
is a view of the standstone site from observation station 4Easy.: 'This view
was taken after the tests were completed. "Rover" is alongside the target,
and the bombing plane is overhead.

g) Crater Mapping and Crater Photograp',s

Each apparent bomb crater was photographed to record the distribution
and size of rock fragments relative to the line of flight, and then mappedSin plan and. cros section using a transit for elevations and crow sections

and a plane table for plan mapping. The center of each apparent crater
was selcted, and two cross-section lines at right angles to each other were
passed through this point. One line, designated the A-B line, was set,
parallel with the line of flight; the other, designated the C-D line, was set
at right angles to it. A series of stakes at 25-foot or 50-foot intervals was
set on each line to serve as reference points for horizontal and vertical
control.

As excavation proceeded, a saries of crater cross sections w&; taken
along the AB and CD lines. Photographs of the crater were taken at
intervals as the bomb was exposed. (See subsection i, Damage Surveys.)

h) fteavation

Th amount ,d to rwy-e. the - 's
from the craters was much less %h= anticipted. Gwwe*U the rock was
so heavily shatteard that the bomb could t" red fm sill but the

E crates without theuse of "Lv TN Shallow weWe• ei
.9 roa tbh at the 1Xbombs i rasfevred wltttim berng

Waraw~~t- timberAWZw

wuamajor undetakidn whih requred the use Vai V =ni

-,N
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Fig. 25
Portable Headframe for Crater Excavation
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Above-Oround Muck Pile, Apparent Crater 19
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so Bomb Penetratin rject

The heavily shattered rock fromi shallow craters was hand-shoveled
onto the bank at the edge of the crater. Periodically the muck pile was
shoved out of the way with a bulldozer. Deeper craters which could not
be cleaned by hand shoveling direct to the surface were mucked out using
a small sinking bucket and the portable headfrarne shown in the photo-
graph, Fig. 25. The headframe was so designed and constructed that it

cudbe skidded into position adjacent to the crater then pulled ars
ohe the opncrtr 9 into It. M&Achf be. *rm was

prov edithl-tnchinhist ',~ nsn bcke~aseavblock,

wate Whe theaccesory ulpmnt ws plced in tion on
th in1th cte

of kh v ti Ift o-
excavatoeqimnwaredlaalalonasnluit The 6 x
coompressor truk se to move th headfrmne contie air-hose reesh
and was used to supply compressed air during both the drilling and the
mucking cycles.
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.,Xcavatlor. procedure at the two 25,000-pound SAP craters was

adapted to the equipment used to excavate the 48 other craters and based

somewhat upon the depth Of neetratlon in 0rnt usngte oif
Fette frmua ad avale oK URIs 2. The actual penetrationwa

much greater than expected, and fthshad been known a h ie

different equipment would have been provided.

The first step in the excavation of the two 25,000pOund SAP bombs
waj o rmov th abve~r~uLdvei muck from the apparent Crater

with a D-8 bulldozer. The photog toraph ig. 2 ro, ths a rvewlofate aofe
grund muck pile at the granite ste retlin frm The reeseh

udSAP bomb at 18,000 feet above the target ThephtOP~h

wa i~en at right angles to the line of flifht and from the 3 o dok
was oughy 4 fee log an 4%feet high at the apex.

Next, the heavily shattered rock to a depth of 6 feet within the

apparent crater was dozed away. When the dozer reached a depth too

2u j A collar set was placed about 2 feet inside of the crib. b

W plates of this set-that is, the long timbers placed parallel to the

line of flight-were made long enough to give a odhaing into the

side of the crater. Muck was taken out from within the0 collar set until

the sides started to cave, pln was then set and driven, and was worked

down as excavation proceed .h evily shatteedgrapound required

timber sets to be placed at close intervals. The poorhFig. 29, shows

I j the method of timbering and spiling.

As excavation proceeded, the shaft was converted from a vertical

shaft to an incline shaft, because of the path of the bomb. The hagn.all

of the itcinfed shaft was badly broken and diffiult tpo suppotI h

change in direction, the hangig-all timbers were plcdskin-to4kin.

Below the center of graviy of the bmb, the shaft set wee cnverted from

a 4.pimc to a 3-piece set and the exicavation was made entirely above the

the side of the bomb, and the portion of the bom~b below the center

of gravity rested d&r7t"S o the rock. The lateral bledo were knocked

out ink a retreaftig fashin, be1n= at the lowet block, just before

the bom* was hoisted out of tlsat

Te cavatasoa oftaob 20, a M,0-Pd SaM1P bomb released from

Sk00 teet above the targe weg = =onducted 12uh InteMane desatbed

in h.Becaeof athe0 greater path length the Isp

Fis 
=I lo t* tz m dVuft 1531

Wor "0111 ONuud a"5 dilIft ad blastiNg were

reusr behein ft V " " ak" the to*a

411111r6111 ui kjb s edIS c in "ft tIe room to *Ai4M nae Inwete rih iUnb ch-
bt~k~tdio~h Wiwd

~'r iie f toe shfrnoe c e aw seis u t *aMi fm cau

*Ain the pat ofis 
e th bm hefnesnc
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Fig. so

Condition of Sock Near Collar let, 34.000 SAP lomb 30
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Fig. 33
Measuzilng Compaction of Inert Filler in a 2,000 SAP Bomb
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Colleatins Ipecienau of Vlowed Metal from the Nome of a Bomb
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marks on the horizontal level rod m irks the path of the bomb through
the rock, After the fine material was inucked out, an opening was formed
below the general level of the shaft bottom, and this opening served
in place of the cut holes in a standard shaft round.

The photograph, Fig. 31, shows details of timbering, near the face
in the -inclined portior. of the shaft below the heavily shattered surface
crater-zone, As may be observed, up ilixig was unsteceiisary, the hanging-
wall was tightly lagged, the shaft Umbers were closely spaced, and a
Lok qna 4-lece timber-uet was usad. The timbers were cut from trees
removed irom the bombing area dt ring target clearing. The base plate
of thi bomb is visible In the photos raph and the deviation of the bomb
in a horizontal direction at a rij4ht angie to the line of flight may be
iniferred from the position of the bomb relative to the direction of
the timbert.

I) Darnage Surveys and Field Anal ysi~s

After a bomb had been compli tely exposed as a result of the exca-
va~tion procedure described and I efore the bomb had been disturbed
from. the position at which it can~e to rest, a damage survey was con-
ducted to obtain specific informt tion useful in analyzing the results
of the tests. Figure 32 is a tyiiicaý crater map which records the details
of the apparent crater, the true c later, and tetrue path of the bomb.
The crater map, ma presntd, re -ords information obtained frm topo-
craphic mappinig, auger drilling,.,id diamond dri~ before the bomb
was drop=e; frtim the apparept irater imnmediately a~ te bomb was
dropped.; frmthe, true crater as i xcavation proceeded, fromn the damage
surveys asnd field analysis after 4 awavation was c pet;and irmn the;
damage surveys and field analyt Is after excavation was complete; and

fr -ballistic data obtained fro n the BlitcRsac aoao~s
Aberdeen Proving Ground, aftear the completion of field work. A tam-
plate met of cratiWmp for al l ambs drope during the tast prgrm

a atof the appendix. (8ee A Ppn irat C.)

7%Th field analysis consisted of two parts: part a) an analysis of
tko effecta of the bomb on the mt k and part b) an analysis of the effects.1 ~of the rock upon the bomb. 7b. anaL'ils part a), consisted of an intense
study of the cracks In the roeý c, the manner of rock failure, and the
Influence of physical and geoleI propertes of rocks upon crater shape
and bombý path. 4= :lI analysis a theofy of bomob peertion
was delod ajnd evde' w0 s aIccumulate In suppkOrt Cf~ hOMM".

The b consiste It comparing vrauiou cttl~oa dimensions
of thebombansnddatta dr -ia measuring the Comipactibon a
the inert materiali in the born (see W¶g 83), g t *e tograpi andmeasurement of the bombis to 'cr itrinordmg otebomb
casing (see Fig. 34), collecting sperisens of flwdA ea (Me F7g. ft)
and cutting speciments from I las bombs for metalril skuies (ee
Fig. 36).

J) Bomb Recovery and Dh"e al

7b ob eeple o hecams diodmK ~
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2000 SAP bombs were skidded from their respective craters using the
winch of a weapons carrier or truck or using a chain hooked to a D-8
bulldozer. The bulldozer was used to drag aln except the 25,000-pound
bombs to a disposal area at each site, (see Fig. 37) where they were
photographed in two positions at right angles to each other, before being
shoved into a wide trench and covered with 6 to 10 feet of erth.

The two 25,000-pound, T28FA, SAP bombs were hoisted from their
craters with a crane, lowered to the ground after a 90-degre swing,
picked up again in a horizontal position, and lowered into place and
secured on a lowboy. (See Fig. 38a, b, c, d.) The transfer from the low-
boy to a Santa Fe Railroad flat car was done with the same equipmentand crew. The two 25,000-p6und bombs were shipped by rail from Grants,New Mexico, to Watertown Arsenal, New York, or frther study by the

Department of Ordnance.

I,

Dragging Daub. to Disposa Area

'4l-9~
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Fig. 38C
Lifting the 25,000-Pound Bomb in a H(orizontal Position
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SECTION lUI-GEOLOGIC REPORT

I-Regional Geology-By V. C. Kelley

a) Introduction

The area wil h which this report is generally concerned covers about
384 square miles and lies in northwestern New Mexico and in the north
central part of Valencia County. As may be observed from the regional
geologic map. Fig. 39, the Zuni. Mountains constitute most of the area,
but parts of the north end of the Valencia volcanic field and Putney
Mesa are also included. UI. S. Highway 66 and the Santa Fe Railroad
cross the northeastern edge of the area, and the region is generally
accessible by dirt or gravel side roads, the principal one of which is
New Mexico Highway 5i3.

The area lies in the Datil physiographic section of the Colorado
Plateau Province. The altitudes. range from 6,400 feet in the San Jose
Valley near Grants to about 9.300 feet at Mount Sedgwlck, the highest
peak in the Zunii Mountains. The altitude of the lava-capped mesas along
the eastern edge of the area ranges from 7,000 to 7.51% feet.

The rocks of the region range in age from pre-Cambrian to Recent.
Pre-Cambrian granite, gneiss, and schist form the core of the Zuni
Mountains. Permian strata are the principal rocks overlying the pre-
Cambrian core, and they form the flanks and slopes of the Zuni Uplift.
Weak Triassic strata form the principal bedrock of the valleys, and
Jurassic and Cretaceous rocks make up the slopes of the mesas in the
eastern part of the area. Basalt flows of early Quaternary (?) Age cap
the eastern mesas, and similar flows of late Quaternary age cover the
valley bottoms surrounding the highlands.

The principal structural elements of the region are the Zuni Uplift
ýad the Mount Taylor syncline. The eastern end of the Zuni Mountains
is a part 'of the northwestward-trending Zuni Uplift, which is about
80 miles long and 35 miles wide. Along the eastern edge of the area
Jurassic and Cretaceous strata in the slopes of the mesas are a part of
the western limb of the Mount Taylor syncline,

b) Stratigraphy

The general atratigrphy. of the region is outlined in the waempany-
ing table (Fig. 40). The secilmenftary Section from the, pr-Cabnt
and including the Upper Cretaceous totah6 about SMfe~nthickness.
it consists mostly of umarine and oontinemflol clastic sedintents which were
formed either marginal to highlands or on marine shetees. Much greater
thicknesses of almost all the iormations are to be found to the north
and east of the Zuni regics.

b64) Pre-Cambrian Rdoeh
The pre.Cambrian vadis iens the core of the Zuni Mowtmnlin and

I rntM cni ts lUurmaine granite, granite guishu, niese asdat,

.44
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and metarhyolite porphyry. Smaller patches of amphibolite, diorite, gab-
bro, and quartzite are scattered through the gra'aioid ?ocks.

The principal foliation of the metamorphic terranes is west-north-
west. Locally, however, considerable variation from this trend is to be
noted, and at the Paxton Springs granite site a foliation trend of about
N. 43 E. is pronounced.

b-2) Pennsylvanian Rocks

Locally a thin interval of Pennsylvanian rocks that are probably the
eroded pr-ambrian rocks. The Madera in the Zuni M ountairas consists
of reddish conglomerate, sandstone, siltstone, and light-gray, znar~ne
limestone. It is the product of a ajhort, late transgression of the Pennsyl-
vanian seas which were widespread and of longer duration in nearby

b-3) Permian Rocks

The Permian rocks consist of units that are Wolicamp and Leonard
in age. The lowermost unit is the Abo formation (Wolfcamp) which is
a flood p ain deposit that spread over the area following the regression we'i , of the Pennsylvanian Madera sea. The Yeso formation (Leonard) over-
lies the Abo formation. T'he Yeso formation was probably laid down
under marine conditions. Thin marine limestone and gypsum beds are
intercalated with the abundant sandstone and siltstone. The more nuas-
alive lower one-third of the formation is mapped in many places in New
Mexico as the Meseta Blantca member, whereas the upper part has been

- designatad as the San Ysidro, member.

The Glorieta sandstone and the San Andres limestone intertongue,
0ýýand together they are often mapped simply as the San Andres fsrma-

tion. In the eastern end of the Zuni Mounftais, the San Andres lime-
* stone member makes up about three-fourths of the formation, whereas

in the western part of the mountains the Olorieta sandstone amember
in dominant. The limestone beds commonly vontain marine fossils.

b-)Triassic Rocks

I.. - Tme Triangl roeks of the eastern end of the Zuni Mountains ane all
of late Triassieae and are probably best desinate as the Chinle, forma-
tOion The =o^=io is a floodplain deposit an ts bedding is irreguar
and channeled. It is a soft formation, @nd outcrops are meaer it under-.4 Uses the broad valleys surrounding the mountains and mesa.

7- 4

b-5) Jurassic Rocks

The Jurassic rocks are taost prominently reresented by units of
the San Rafael gr=,altough a thin Intarval of GlnCnyn0d
vepwesnted by lb igto and K&Il be2o i
Cutyc. reok. If'pruust within the map ana re iF 4 se lo Crop. out

7 C, .
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EXPLANATION

I ROCKS SYMBQLS

vv Alluvium, volley fill. Fault, with downthrown side;

ornr sto n dashed where uncertain.

"isIn zWW f -Qjb Yon~e faalows and

as b 
;r- Strike and dip of beds.

3b M Older basalt flows on

mesas. Axis of syncline.

o .eII 3 Mesaverde formation. U Location of geologic columns. Not to

oas 
scale. See Figs. 43,45,46,00d 46.

W Dakota sandstone.

'rison
* ~ Morrison formation.

di son J2z
'r:da Zuni sandstone.

5140 1 Entrmda sandstone including
Todilto limestone at top.

"Chinle formation.

SASon Andres formation.

j f Yeso formation.

fo Abe formation.

W dere SCALE

'r Madera fimestofl. p7 M ~ N"

Granite, gnefss, and schist,

GEOOGIC MAP - 9OUTH or
se GATS, ViALNWAA COUNTY, "

Ill I

M:7 :2'



38b

and Formatdio hcns Description

Quaternary Basalt 0-100 1aatO 53y n 5M

'tetiay U~Pot. nd nieitsAnd8It. and rfwolite tuff;

_____ ____ ___ _ ____ and %oal.

Hosta sandstone s~e rn . 3W Mssive sandstone.

Lower Oibeon coal am, 350 Orq*0 shlpcro5@U5

Dabltona sandstone me. 100 Hsiebok#a*b

0 ma.. cosl. --nhx. 150 3wVsae thin limestonal
U and ceal. idt

a 3 0Gallup sandstone son. 65 Masslo la,~t
______ __ _______

Satan tong 0-300 Sandy shale

I Mulatto Wowga 06.250 Sand shale aid sandstone.I Lmr *=*ac shale urn. 80 aw-a to black inwine

Dakota eauuttoms 50,150 CORM

0.50 Twitcaiw4 .1.a and4 lght-.
M~g~iop L~utionbinf gSandstone.

Zvmi sandston30 MOeM MI d

Todilto limestam 5430 hI-Oesd*g

b~waia sansdstone5

Oarasl foxvition 20 l
- _wingate seneanistoewdt~wm ot

rIasei. Gulale formation

I.&m Andries Loctmon 2?0

FVM Tom focutlon 500400

Abe Locutift 11" 00-550%$w d W

144
Ma 11" 34d '16-4 -



Part -Secton II

The San Rafael group crops out prominently and includes in ascend-
ing order the Carmel formation (?). Entrada sandstone, Todilto lime-
stone, and Zuni sandstone, If the Carmel is present, it is covered. The
Entrada sandstone (Wingate of older reports) crops out in a narrow
band at the base of the north end of Putney Mesa. By some geologists
it is thought to be a transgressive sandstone which was deposited by a
minor advance of the late Jurassic sea that widely deposited the thin
Todilto limestone. Some of the overlying Zuni sandstone has been mapped
in adjoining areas to the east as a part of the Morrison formation. The
massive cliff formed by the Zuni sandstone along the east side of the
area may contain representatives of the Morrison as well as units mapped
as the Aluff and Junction Creek sandstones in southwestern Colorado
and Utah. A thin wedge of typically varicolored Morrison shale over-
lies the Zuni sandstone locally in the area.

b-6) Cretaceous Rocks

Owing to the reconnaissance nature of the field work, the Cre-
taceous rocks of this area are mapped into two units, the Dakota sand-
stone and the Mesaverde formation. The entire sequence belongs to the
Upper Cretaceous and consists of intertonguinig marine and swamp-
formed continental units. The lowermost unit of the Upper Cretaceous
is the Dakota sandstone. ft consists in this ares of several coo e-rined

A thick sandstone beds intercalated with thin black shale units. A weale
tively thick black shae slope-forming unit above the Dakota ledgesd

coud wth oredetile ap ping be del" eted as the Menems shale. I
However, on the seem penying map it is included with the Dakota.
The Mesaverde coal-bearing formation that is mapped above the Dakota
also contains tongues of the marine Mancos shale.

b-7) Tertiary Roeks

In the southwestern peat of Mount Taylor. rhclitte, andesite. and
basalt Intrusives and ovxtrusives occur and an re bbl ofiddle or late

Tirla = (unt. ISM). Thee are not "ieonthe aesmpnya
ma. nesormea~aPs" Ibusalt flows designated as Qb1 on temap

msay be of late Tertiary alp aTWary sedimentary roeks are preserved
in the ware.

b)Q"IsaerWY Rocks

* T7%9 Quaternery rooks eon"s of tiro kinds, Plestoesene or Resent
basalt flows and Recent valley alluvium. A rater remarkaWl ~flooin
of the vallesy bottoms around twhediad hes remited from eupsims

kOiOW%*Soa.VIwo~IV from cossta In theZuni Muuntains and to the

Tbe strueture of th Zu" Mountain resion consists Fainolpafly of
folds and buft Folds doinmse eve b1ults, and wheea -- e fold a
are eneaully torn odwft ineI liength, the faults am. rarely r tban
a fmw mWAN in le806W

4-A
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c-1) Folds

The rincipal fold is the northwesterly elongated Zuni Domal up-
lift which tends northwesterly. The structural relief of this feature
is about 55M feet. The Zuni Uplift is generally asymmetrical, with the
steep limb on the southwest side. Along the southeastern end of the
Zuni dome the east limb descends into the Mount Taylor or McCarty's
syncline, the axis of which trends north and lies a few miles east of the
eastern edge of the accompanying map. Lesser folds that are superimposed
upon the larger regional features are uncommon and obscure. One such
fold, a north-northeuterly trending syncline, is shown on the accompany-
ing map. Lesser fold& that are superimposed upon the larger regional fea-
tures are uncommon and obscure. One such fold. a north-northeasterly
trending syncline, is shown on the accompanying map near the southeast
end of the Zuni Mountains. The regional dips on the flanks of the major
folds are rarely more than 10 to 20 degrees.

c-2) Faults

Two sets of faults occur in the region south of Grants-those whose
strikes are north-northwest and those whose strikes vary from north-
northeast to northeast. All are high-angle faults and are probably normalt faults.

The principal iault of the area atrilk generally north-northwest
along the northeasg Gink of the Zuni dome. It is downthrown on the
northeast aide as rwab as several hundp feet. The Abo and Yaso
formations m dropped against the p brtn rocks. Other lesser
faults roughly parallel this major fault along the Zuni Uplift.

Most of the other faults of the area strike northeasterly. These occur
both in the Zuni Mountains and in Putney Mesa. Some of these faults
ar downthrown on the west side and others are downthrown on the

"= east side, but neither type is the throw more than a few tens of feet,
or exceptionally, one or two hundred feet. The most abundant and prom.
.nent joint set in the sdimentary rocks of this region is parallel to the
north-northeasterly faults. The joints and faults of this trend are undoubt-
edly related, and the faults may be considered as mmbers of the joint
set along which displacement is relatively large,

d) G"eologic Hietory

* The long preeambrian history of the Zuni Mouutains is rather
Imperfectly known and is much obscured because of covering of the
pre-Cambrian rocks by younger rocks. It appears, however, that elastic
"sdiments and volcanic oducts accumulated in the region in pro-Cam.
brian time. Probably in Me pre-Cmbrian tme the rgs. was subjected
to compressive forces which impressed within the dspths of the crust
a west-northwesterly foliation itxo these rocks. Closey following and
perhaps nearly accompanying tls deformation, masses of granite were
intruded into the older terrain, and the older foUatkin trends were Ically
diverted or new trends were formed. The entire region. in coamon with
much of the southwestern part of the United States. was evenatually
eroded to a low bea in late pre-Cambria& time.

During r.aost of Palsozsoc time the Zuni Mountain region appears;

97 1 - ZI.ýT, 7
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to have been a rather stable hihadae hcaltug pehp
cotributing: some sediment to sea tothenotrthan'd muh ee a

uplifted greatly.

In late Psnnsylvanian times, shallow see transgressed the Zuni area
for a short time, only to be pushed back by the seaward growth of flood-

deposits in early Permian tim. Durinte remaider ofPrivanth einappears to have meantetasto al mi
ronmneut between me and land. With the advent of Triassic time the

~~al~j~to have been at firs a stable upland and then in late
= = Ithe its of great floodplain accumulations that probably

wer driedmostly from the mouth. DuigJrassic time eroesio tol
loved by continental and near-shore aeelian damition and finally flood-
plain and lacustrine, accumulation took plc.=utsi e ost weoe
derived largely fromn a slowly rising arch to the south of the Zuni area.

Widespread erosion affected the area during early Cretaceous time
as the southerly highland continued its gradual rime. During late Cre
tandeortadssf~ ar a = n~aatcocrrnl with the gradu-

sorc ,a otosutws and wed, marine and nonmarine
a4.1 c.u i ated to a thickness of several thousand feet to form

the Dakota, Wnees. and Mesaverde formations.

Tbm~mtthe long interval between r-ubina"Ttaytime me &W are was affected adl by bra isrg cwarpiog d
Sediments which accumulated uaM gent! 6u1md urac

eetilparallel or only subparlle in their arrangetment.
CIn ely Usrtla = s time a thea to be deformed in mere accentu-

ated oraecemlsete oinr.tdpas from ONes ' ýe eWidnie in adjoin.
ins tht d Zni plit a hae bw hlarel fOnrmed by the end
Wkiiw- U TM UK dthe WM aplift a= t hael been intha

l~d t Is an bo*may have inherited structural trandsfo

Dwv middle TertiaY times the entire was was rate e
witwide pedimenit sulrbaese were formed. Doe Moun TalreM& Pame WON kan upo d era~me in late Twftay time. Dread regional

qVlA soosw*$d a&d MDeved by , -sl w"e" a "ee dcc "ft
pranm" v ~ peh babarea wemvd late bTerti47amyrn

Caft af I w wu Ie94 mayb bhant dbmnt
siaydedwal mn sm adu twonboa a~ Wadrda i

in &AN" Is We-ra o tim i end the PIdIqI Wvt.O

No Valey. hereis no 0--1aevidence to suggest ta6
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Fmcsi SAN ANDRES Limestone: A mossive111in. grained,equigranular limesiane~groy to buff color, sharp

Z. 7 Irregular surfaces indicating chemical weatherlng. Fossils fairly abur

SAN Cg&491 GLORIETA Sandstone: A light buff-white,medium rgrained, equigranular sandstone. Crossbeddi
ANORES portion of formation.A series of thinly laminated lenses of %hale are
(Permion)

S4SAN YSIORO Formation: A seWes of strata consisting of easily eroded, grayish -white gypsum andYESO
(Permin) . ,dark gray llmestone.A very sot tflne gralned, yellow sandstone Is located

00O' MESETA BLANCA Limestone: A dense~equigranular llmostone.gray Colored and in part red.

I WO AB* Seidst"O.t As Irregular bedded, brewniutt-red~fearnghsous eandweneo.Up sectian Is banded r

. ~leyer being Mbe mere rosteimI Wars *dwelmo ubeae

*1 ~MACINA Lomeebe. A drk bri*weetfime~ we sqfte sn~mgh

.4 4

~-a"
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1harp

I abun stone: A masesiveftins gralnsd,equigranular limestonegray tobuff color, sharp

irregular surfaces Indicating chemical woofhoring.Fossils fairly abundant.

.bsddln

Is are tone : A light buff-white, medlum-grolned, equfgranular sandstone. Cros-boddIng In top

portion of formation.A series of thinly laminated lenses of shale are present.

n and

cated a ation: A series of strata consisting of easily eroded,grayish.white gypsum and thin-bedded

dark griy Ilmestone.A very softfine grained,yellow sandstone Is located at base of limestone.

I .

A Limestone: A dense.squlgranular Ilmestone.gray colored and In part red.

Indei r

An Irregular bedded, b4ownlsh-rodoferruglnoue andoeWo.lhop eatles Is Iefted red eOd wUNethe wite %bed or

leyer beli0 fte mere resslelat forms sbelese erbeneby

A 4mb rinLhrdrrlmpelmemeg.leuet--osPCNETRATIOW C~OTg - p $M 149MARH EoW NATIOL. 010

Fig~~ig 4Wa3"$$
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Part A--Secton III

2-Geology of the Granite Site TWJge Anea

Figure 41 is a geolo c map of the locality adjacent to the granite

geoogy 39 ma berefre to for the laton of the granite site
target rein ye to Grants, New Mexico, and relative to the broader geol-

expsedof he plithed uionainhcregion.Fgue42i

a panoramic view of the nort edge of the target area showing the
granite core of the Zuni Uplift (to the right in the photograph), Permian
strata in the background, Qt iternary basalt flows in the middle dis-
tance, and Quaternary alluvium in the foreground. The steep sloe
are on the geologic map of the granite site target are (Fig. 41). Th~e
u ppermost sedimentary beds in the photorah are the lower members
of the San Andrus limestone (mse table, Frig$. 4)

The stratigraphic sequence and the measured thickness of sedi-
mentary rocks lyin between the granite and the Son Andres forma-
tion are presented in the geologic column, Fig. 42. The formation thick.
naews- were measured on the steep slope to the left center in the pano-
ramic view.

Immediately above the granite surface lies a thin layer of sandstone
conglomerate which repeets the base of the Pennsylvanian blider.,
limestone. Reomnats 0!7th sandstone cnlomerate are present at the
edges of the granite target;and thedistriuton.of the "an par
of the Madera, the Abe, th Measet Manea, the San YOM mo, th oriets
sandstone, and the San Andres limeston are shown on the geologic map.

The presence of remnants of sandstone conglosmrate close to the
bombing targets Imple that erosion has not deeply dissected the pre-
Cambrian Oreiit. thin come of alluvium, to a maximum thickness

af 2fet, overis the granite surace; where the alluvium bs thiCkest,
a* dgmead wethtingof Sraitehas been ts b ut

% &a ws Ath"im of th tok ith"whr itise ovr
burden amd Hol"kws ralativly free frm woeateing.

er ,1 sammatit dike oriented similarly to the joints in the Vanite
W PnW16 dofkm Mss intherant present to a minmor extent.

toso - lo Oi flo ne H In th te areal eso well deveqeod ta
I&'Mbe uad& be *X= daeifled as a pielal grnamtta A

am BrOmA,h ofhe dike" Is lla vertical WAan s 4the bk
ImmpcgbyreF dik Is possibl we of many feeder %hne1 hch ht
the Quary lava puret upward U fted vallsey in Reseat peels-

M~A detail Veolo and fracture Patter Of the0 "UaiS withi the
target area have beens mapped an fte topographi map which Is bfte-

12 J
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DAKOTA Formation., yellow-buff. massive, equigrOnulot sandstone.
(Uppsr Cretooeous) land grains are subangular to roundiapproxi-

mately ane-slxty fourth Inch In diameter.

Fwaold markings are present along the bed-

ding planes located near the contaCt &One Of

the shale and upper member of so'wletne.A

ONe foot lenticulor layer .f aoGrC*Ous smndsalon

I ~Is located about three feet from surface of ..

the target are. Afew f4eslepeleOVPOdQ) S

Preset-The sandstone is faily reeistant to 3W VW,, K

Shale members are gomyooiS.saft anid veryI

f Ilablethialy lamineted, easlyV decOMPOsed.
lbrmoation is 133 feet intINOUSSS I
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TARGET SUIRFACE

atlon: Yellow-buff, massive, equigrantalar san~dstone.

5) Sand grains ar* subengulor to rotmnd~opproxi-
motely one-sixty fourth lnch In diameter. 4

Pucoid markings are present along the bed-

ding planes located near the contact tone of .

the shale and upper membwer of sandstons.A
one foot lenticular Iqer of ealoeouso sandntane

is located about three feet *am surface of 44

the target area. A few foesis(p4leayg~ds)6ar

Present,The sondstoee Is fairly resilstant toKd.
erosion. -

Shale members we gsgy.Maohsoft anid verY '

f riabie~thloly laminaled, easily decomposed.

thrmation lsi32 feetinthloiotmsSgo
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duced in Part C. The influence of geologic features upon the path and

penetration of bombs into granite is described in Part F, Section II.

3-Geology of the Sandstone Site Tarqet Amea

The location of the Putney Mesa Sandstone Bombing Site is shown
on the Index Map, Fig. 1, and on the regional geology map, Fig. 39. The
site is in section 6, R. 9 W,, T. 8 N. of Valencia County, and is accessible
by New Mexico State Highway 117.

Figure 45 is a geologic map of the locality in the immediate vicinityof the sandstone target, and Fig. 465 in a geologic cross section through

the target area. From the plan and cross section and other geologic evi-
dence to be cited It may be observed that the target surface can be
placed 4tratigraphically in the lower part of the Cretaceous Dakota
sandstone. The sand member upon which the target surface rests Is
60 feet thick. The stratigraphy of the beds immediately below the target
surface is shown in detail In geologic column CC', (Fig. 47), which was
measured at the edge of the target area along the cliff face at the pos.i
tion marked in the photograph, Fig. 48. As shown in the geologic column,
the thick sand member rests upon a shale bod 20 feet thick. The slope
at the bas of the vertical cliff In the photograph marks the position of
the shale. The base of the Dakota sandstone formation mid the contact
between the Dakota and the Zuni sandstone are shown in the photograph.

Referring to the general stratigraphic table (Fig. 40) of the area
near Grants, New Mexico, it can be men that the Dakota sandstone is
far above the sedimentary rock at the granite site, stratigraphlcally.
As much as 3000 feet of sedimentary rock may lie below the target sur-
face between the base of the Dakota formation and the pre-Cambrian
baeme•nt rocks. The thickness of the sedimentary rockW lying strati-
graphically below the Dakota sandstone and above the 1,.*rmlan forma-
tions was measured south of the sandstone target at the poeition of gaeol
ogie column DD', shown on the regional geology map (FMg. 39). The
results are recorded in the geologic column DD', rig. 40,

' The target surface of the sandstone bombing site is a gentle-dip
slope formed betwe two normal faultL The faulting Is related to the
uplift. the Zuni Mountains, an 2 miles north of the target a basalt
dike cuts through the Dakota sandstone and marks a channel through
which lava esped to flood the valley. As a result of the tectonic form
the Dakota sadson has developed a system of steeply dipping joints
which influence the results of the bombing ezperimenti

Within the thick msabdto member below the target surface minor
bedding planes a eped at irregular intervals, The bedd.ng planes
are maried by bae Prtings which are seldom more than I or
2 incebs thic. In place, the suadstone between the shale partings is
crow'bWd t the erose4bdding is not a conspkuou feature. The
d~ay owmatin materiel of the sandstone bemm the principl_ component
of the rock il intervals as the sandstone was depoited The bands in
which clay predominates a now dei ted as shale parting In

plcsthriughout the sandatons, the clay is present as emnail pellets
or gaill at other places the clay appears as ribbons which havei been
distorted by differential compaction. Near the target surface, roots have

L _ _ _ _ _ _ -i.
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DAKOTA Sandstone: A massive yellow-buff colored sondstone,equigranular and compact,veryd
resistant to erosion~Surface weathers brown on exposure.Lower portion has 6

two thinly laminated layers of shale.8ottomn of formation is conglom or-

itic.Formation 13 64 feset in this locate but thicker elsewhere. it is of
the Upper Cretaceous in age. Lj

ZUNI Sandstone: Top 67 feet is composed of a medium grained, equigranular, white

calcareous sandstone. grains are loosely cemented.Surface weathers

round.-Middle member is a massive, equlgranular, buff colored sand-

stone.Sand grains are well cemented. Joints are vertical and foarm high,

smooth-faced cllffs.Some cross-bedding proesent, 1r

Bottom member is a mas sive, crost-bedded,buf fsands tons, with

shale lenses located at bot tom.Formation Is foarmed of continent al

clastlcs of Jurassic age.

J2

TODILTO Lknestone: The formation is represented locally as a whlto~calcoreous conql-

omerate.Pebbles are loosely cemented and cross-bedded.Not very
Tr

resistant toarosionv Jurassic in age.

CHINLE Formation: A don se~moroon, thin bedded~arenaceous and calcareous slitstone,

easily eroded.Probably of Triassic age.

-BOMB PENETRA
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Ilow-buff colored sandstone,equigranuiar and cornpact~very
r osion.Surface weathers brown on exposure.1ower portion has 64 d

miae aesof shale.Bottom of formation is congiomer-

n Is 64 feset In this locale but thicker elsewhere, it is of

Cretaceous In age.

J Jz

is composed of a medium grained, equlgranuiar, white .

.-.---. sandstone.grains ore looseiy cemented.Surface weathers

die member is a massive,eoquigranular, buff col~ored sand-

Jz rains are well cemented. Joints are vertical and form high. ,- 2.J

dcliffs-some cross-bedding present.

bar Is a massive, cross-bedded,butf 3andstone~with

located at bat tom.Formation is formed of czontinentaol

Jurassic age.

ý-..

tion is renresented locally as a white~calcareous conql- 13 Jt

a bbles aro loosely cemented and cross-bedded.Not very A7
*Tr c CJ 1lrj

araon,thln bevtded,orenOceous and calcareous siltstone * I**1

oded. Probably of Triassic age.
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penetrated through the vertical ioints and spread out horizontally irt
the partings.

4-Petrographic Report-By T. H. Kuhn and W. R. Wagner

a-The Zuni Granite

a-1) General Description

The Zuni granite at the Paxton Springs Site is a medium-to-coarse-
grained, pink to pinkish- and greenish-gray rock, varying in mineral
composition from granite to quartz monzonite. Most specimens have the
mineral constituents of a granite. The pink color of the granite is due
to the abundance of pink orthoclase feldspar, whereas the greenish-
gray rocks owe their color to a predominance of such secondary minerals
as chlorite and epidote. The texture in hand specimen is typically granitic
or granular. Slight but readily visible lineation is produced by the align-
ment of slightly elongated quartz aggregates and by the alignment of
the dark minerals, such as biotite mica and hornblende.

a-2) Mineralogy

The Zuni granite is approximately 25 per cent quartz, 45 per centorthoclase. 10 per cent oligoclase, 10 per cent biotite, 5 per cent horn-
blende, and 3 per cent augite and muscovite The remaining 2 per cent

of the rock consists of the secondarv minerals chlorite, epidote, seri-
cite, kaolin, magnetite, and hematite, and the accessory minerals garnet,
zircon, allanite. and apatite. The rock is extensively altered, and several
types of alteration are present; namely chloritization, epidotization, seri-
citization, kaolinization, and silicification. In thin section, the granite
most commonly has an irregular, cataclastic texture with most mineral

-• grains bent, fractured, or stretched (Fig. 50). This deformation is also
indicated by the quartz, which has undulatory extinction, Individual
mineral urains vary in average size from 0.5 millimeter to over 2.0 milli-
meters. However, some (of the feldspar grains have a length of approxi-
mately 1 centimeter. Quartz universally occurs as clusters of randomiy
oriented smaller grains (0.5 millimeter in diameter) with all clusters elon-
gated into pod-shaped masses about 1 centimeter long (Fig. 51).

Quarts. The quartz is colorless to white. Normally it occurs as small
grains clustered into elongate pod-like forms; however, in all specimens
there is a late-stage quartz in the form of replacement blebs or as miscro-
scopic veinlets cutting all other minerals. Most quartz grains show undu-
latory extinction.

Orthoclase. Orthoclase is the most abundant mineral. A few grains
show Carlsbad twinning, but normally the grains are not twinned. The
mrnineral iq so thoroughly altered to sericite and kaolin by hydrothermal
or late-stage solutions that it is difficult in some sections to determine
the original grain boundaries, (Fig. 52).

"Oligoclas.. Oligoclase is much less abundant than orthuclase in seven"of the eight sections studied, but like orthoclase, it is severely altered.
The oligoclase alteration products are epidote, sericite, and kaolin. In
most cases the mineral is twinned after the Albite Law, but in some sec-

I"I
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tions a combination of Albite and Carlsbad twinning was noted. In many
grains the alteration is so complete that twinning shows only as india-
tinct shadows.

Blotit.. Biotite varies in amount throughout the sections but is pres-
ent to some extent in all. It is greenish-brown in color and occurs as
small lath-shaped flakes or as stretched and bent clusters. In three speci-
mens, the biotite forms reaction rims around cores of hornblende. In
one section the augite core is rimmed with hornblende and the horn-
blende in turn is bordered by biotite. Much of the biotite is altered to
chlorite and magnetite.

Muscovite. In most sections, primary muscovite occurs either as
single, colorless, lath-like flakes or as clusters. In one section it is equal
in amount to biotite, but generally it is only a minor constituent of the
rock. The late-stage muscovite closely resembles sericite, although it
is much larger in grain size than the sericite formed from the alteration
of feldspar.

Hornblende. Hornblernde is the common green pleochroic variety. In
three of the specimens it occurs single, as small, single, irregular grains;
in aggregates of small grains; or as cores in biotite clusters. Much of the
hornblende is altered to chlorite, epidote, and magnetite.

Aupiti. Augite is rare; where found, it shows as minute cores in

hornblende aggregates.

Secondary Minerals. Chlorite, magnetite, epidote, sericite, kaolin (clay
minerals), and hematite are abundant secondary minerals in all sections.
Chlorite and magnetite result from the breakdown of biotite. Epidote
forms as an alteration product of hornblende and plagioclase, and the

"- sericite and kaolin alter from the feldspars. Hematite forms from
magnetite.

Accsaery Mineral. Zircon, apatite. garnet, magnetite, and allanite

are minor, (totaling 2 per cent or less) but ever-present minerals in the
rock. They occur as minute, euhedral crystals along the borders or en-
closed in other minerals.

a-3) Alteration

S'ricltiuatlon and Kaollnaiation. Since the easily replaced feldspars
make up nearly 50 per cent of the rock, their alteration products are most
abundant. From the amount and thoroughness of the kaolinization and
sericitization, it is evident that these products are the result of extensive
hydrothermal action. To the unaided eye, the only noticeable result of the
hydrothermal action is a bleaching effect, but under the microscope the
feldspars show as a mass of fine sericite flakes in a matrix of brownish-gray kaolin.

Chlorntlaflm. Upon the addition of water, biotite mica alters to
chlorite, and magnetite also is commonl;, formed by the same process.
Where considerable biotite is present, the change to chlorite tends to give
the rock a greenish cast.

__ _ __ _ _ __ _ __ _ _ __ _ __ _ _ __ _ _
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Epidotieation. Epidote, an alteration product of hornblende, augite, or
calcic plagioclase, is a prominent secondary mineral of the rock. In abund-
ance, it is next to sericite and kaolin. In the Zuni granite, there seems
to be more epidote present than could form from the primary basic min-
erals present. It is possible that the altering solutions added some epidote
by replacement.

Silicification. Silicification is evident as a minor alteration process in
all sections, and is chiefly indicated by quartz filling microscopic frac-
tures, though feldspar and other minerals are replaced to a minor extent
by quartz.

b--Lamprohyre (Vogeste) Dikes in Zuni Granite

b-1) General Description

Although dikes are not abundant in the Zuni granite at the target
site, one lamprophyre dike cuts the target and was penetrated by two
bombs. Near the surface where weathering agents are abundant in the
soil cover, the lamprophyre is heavily altered and essentially has the
physical characteristics of the overbur en. Downwardly, as the degree of
weathering progressively decreases, the lamprophyre grades into a dense
rock that is exceedingly tough. The rock breaks into plates or sheets
parallel to the faintly visible schistosity.

In hand specimens the lamprohyre dike rock is extremely fine-grained,
and almost aphanitic. It is dark green to gray-green when freshly broken,
but weathers to a rusty brown color.

b-2) Mineralogy

"The mineral content of the lamprophyre is as follows:

Primary Minerals Secondar Minerals Accessory Mineral

Hornblende - 50% Chlorite Magnetite - 5%Biotite - 20%, Hematite Quartz

Augite - 20% Orthoclase ) 5%

Total 90% Total 10%

From the mineral content the dike rock is a member of the lamprophyre
group and is most correctly termed a vogesite.

The texture in the section is fine-grained porphyritic. The phenocrysts
range in size from 0.3 millimeter to 1.0 millimeter with the average about
0.5 millimeter. They occur in a definite sub-parallel orientation in the
fine-grained (0.10 millimeter average) matrix. Post-crystallizatior defor-
mation is indicated by the attitude of the planes of schistosity, by bent and
fractured biotite cleavages, and by an interpenetrating system of micro-
fractures. Some of the fractures are filled with quartz; others contain
hematite, apparently weathered from magnetite.

Chlorite and hematite are formed during the alteration process. The

A-
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- Fig. 50

Bent and Fractured Grains of Plagioi.awe (P), with S•me of the Fractures Filled with
Mus-ovite (M) andi Epidute (El. X 120, eniarged 21,2 diameters.
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Fig. 51
Elongated, Pod-shaped Cluster of Quartz Grains. X 120, enlarged 2% dimntenra,.
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chlorite forms rims on, and .irregular areas within hornblende and biotite;
the hematite comes from the breakdown of magnetite, which is present
in abundance.

c-The Dakota Sandstone

c-1) General Description and Mineralogy

The Dakota sandstone is a fine-grained cream to light buff sandstone.
The sand grains are angular and are of nearly equal dimensions in three
directions. For the most part, the rock is friable, although some specimens
are better consolidated. The cementing material is finely divided clay
minerals, in part slightly stained by hematite. The sand grains compose
roughly 90 percent of the sandstone and the clay cement the remaining
10 percent. The distribution of the clay cement throughout the sandstone
is irregular.

The mineral grains of the sandstone are quartz, feldspar, magnetite,
biotite, and muscovite. A few scattered grains of zircon and tourmaline
were observed in thin section. Quartz predominates and constitutes 90
percent of the mineral grains. Plagioclase feldspar constitutes 5 per cent,
muscovite 3 percent, and magnetite the remaining 2 percent of the
mineral grains.

l- Li

U! H

7Ug. 52
Coarse Laths of Sericite Formed from the Hydrothermal Alteration of Orthoclase

Feldspar. The whole grain of feldspar is altered. X 120, enlarged 2% diameters.

'I.



Bomb Penetration Prje, t 53
Part A-Sectioii 1V

SECTION IV-PHYSICAL ROCK TESTS

I-Test Procedure

I)iamond drilling was directed toward obtaining representative spedi-
mens of the rocks below the target surfaces which were of suitable lengths
for various physical rock tests and which were free from joints or other
natural surfaces of weaknesses. As may be observed from the drill logs
(sce Appendix, Part A), the Dakota sandstone bed below the surface of
the sandstone target is remarkably uniform in composition. However,
the physical properties of the granite cores from the Paxton Springs
granite site vary greatly as a result of the nature and extent of weathering
and alteration. The degree of weathering bears a direct relation to the
thickness of the overburden, and is greatest where the overburden is
thickest. Bare, exposed rock surfaces within the target have been least
affected. As may be expected, the degree of alteration varies considerably
from hole to hoie and also from the collar of any given hole downward.

The effect of weathering and of all the types of alteration described
n the petrographic report, except silicification, is to weaken the tensile
and compressive strength of the rock and to modify its elastic properties.
It is necessary, therefore, to appraise the individual results obtained from
each of the various physical rock tests of the granite specimen relative
to the degree of alteration. Accordingly, the granite specimens have been
divided into two groups--weathered granite and unweathered granite. 4/
The division was made by visual comparison. It is now evident from the
results of the physical rock tests that each group might have been further
subdivided, but the practical value of further subdivision is doubtful.

The specimen numbers in the following tables which summarize the
"- results of the several tests may be used in combination with the diamond

drill logs in the appendix to show the elevation below the collar of thc
drill hole from which the specimen was cut, and the geologic description
of the specimen.

2---Poroslty-Total and Apparent

Porosity is the interstitial void space in the rock, expressed as a
percentage of the external volume of the rock specimen. Two types of poro-
sity are recognized: closed-pore porosity and open, or communicating-
pore, porosity. Open, or communicating, porosity is known as "effective"
porosity by petroleum engineers. The sum of the open- and closed-pore! • ~porosities is known as the total porosity. !

In this study the total porosity was considered to be of primary
importance. However, porosity was determined by two different methods
in the laboratories of the Colorado School of Mines. In the Petroleum
Engineering laboratories the total porosity was determined using a Russel
Porosimeter and employing the technique described in detail in Series I
and Series II Experiments.' In the Physics laboratory, the "Apparent"
porosity was determined. The procedure for determining apparent porosity
established by the A.S.T.M. uses the following formula:

No"w of Ow Coles"d Sd.6.0 ýA 1ý10 ~d. I Aed twf., 11 exwI...M.. Uftd..g,.W. Iw.A.

-A ̂ All
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) M. M. Xl10

where,

P "-apparent porsity, percent

M,. =weight of water-.saturated specimen

M,, --weight of oven-dried specimen

V =external volume

d. =zden.ity of water

The results of the porosity determination have been combined with
the results of the specific gravity determination and are presented
together in Fig, 53.

3-Apperent Specific Gravity

Apparent specific gravity was determined in the Petroleum Engin-
ewring laboratory and the Physics laboratory of the Colorado School of
Mines and in the laboratories of the Applied Physics Branch of the U. S.
Bureau of Mines using the procedure establishing by the A.S.T.M. for
natural building stone. Apparent specific gravity is calculated using the
formula:

Apparent specific gravity= Ml

where,

M. =weight of oven-dried specimen

M. =weight of wet specimen after water immersion

M. =weight of specimen suspended 'n water

As may be observed from the tabular data, Fig, 53, the numerical
average apparent specific gravity of the Dakota sandstone member
immediately below the target surface of the Putney Mesa sandstone
site is 2.13. The average apparent porosity of the sandstone is 16.4 percent
and the average total porosity is 16.5 percent. The apparent s ific

gravity of the Dakota sandstone and the total porosity of the Dakota
sandstone are essentially the same as for the Navajo sandstone at the
Buckhorn Wash Underground Explosion Test site. The porosity and
a~parent specific gravity are essentially the same as for sandstone
from other parts of the United States tested by the U. S. Bureau of
Mines. The very slight difference between the apparent porosity and
the total porosity of the sandstone indicates--as the petrographic study
also indicates--that the pores are open and communicating.

The average apparent specific gravity of the Zuni granite below the
target surface of the Paxton Springs granite site is 2.77. This value is
somewhat higher than that of most granites. This fact is substantiated
by the petrographic study, and may possibly be explainvd by the recrystal-
lization and reorientation of the mineral grains as a result of metamorphic
processes. An almost complete lack of pore space between the mineral

---T-TF - ,, , .--
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Dakota Sandstone Weathered Zuni Orani Zuni Granite

0 4 43 a~. 4AJ I4* *

o 2.12 - 20.0 200 2.71 - 0.00 112 2.75 - 0.00

D 2.13 - 16.5 11.5 2.75 - 0.00 148a 2.76 - 0.640

29 2.12 - 13.0 1141 2.71. 0.00 - A 2.75 - 0.00

514 2.13 - 15.9 3 2.73 - 0.00

78 2.11j - 17.,4 - 2.81 0.00 -

209 2.17 - 16.3 - 2.73 0.00 -

- 2.13 15•.7 -- 2.68 0.00 -

213 2.13 16.9 -30 2.75; 0.00 - 6i

141 2.11415.9 - 60 2.77 0.00 - i

31 21.12 17.1 - 113"

.- 21.13 16.9 -167

.1 119 2.1. 1.5.7 -195
"280

28" 9

53 2C
S2.12

Avg. 2.13 16. 2 16.5 2 2.73 0.00 0.00 2.77 0.00 0.10

-1Fi.5
eDravity and Porctty of Specimena of Dakota Sandatone and Zuni Granito

29 23

54-; 2.13 - 19 B

"7 .4 - 74- 2,100
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rains exists in both the weathered and the unweathered specimens.

twould appear from the available data that a slight volume increase
takes place during the weathering process.

4-Tensile Strength

Tensile strength tests were conducted using NX diamond drill cores
cut to a length of 8 inches and air-dried at room temperature for two
weeks. Core diameters were measured to the nearest 0.01 inch. Each
specimen was clamped into grips of the type designed by the Bureau
of Reclamation. These grips consist essentially of a split steel tube lined
with a section of rubber belting, which is clamped to the specimen by
a wide 3-piece steel bolted clamp. (See Fig. 54.) The grips are screwed
into spherically seated blocks on the testing machine so that the load
is applied axially. The rate of loading was maintained at 100 pounds
per square inch per minute.

It may be observed from the tabular data, Fig. 55, that the average
tensile strength of Dakota sandstone is 63 pounds per square inch, the
average strength of the weathered granite is 1003 pounds per square
inch, and the average strength of unweathered granite is 1905 pounds
per square inch. The weathering process results in a substantial decrease
in the tensile strength of the granite specimens. However, the tensile

II

FiF. 54

Te~ion Specimoet and Grip Asembiy

_______________________ ________________________________________________________
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Dakota Sandstone Weathered Zuni Oranita Zuni Oranite

Tensile Tensile TensileSpecimn Strength, Specimen Strength, SpeOimen Strength,
Number psi Number Number

10 39 28 1501 15 2231

48 63 87 826 80 1804

90 66 88 682 81 2190

122 63 82 2033

1214 31 83 1269

161 141

166 42

55 107

65 66

77 31

106 90

175 56

194 35

"202( 158

83 50

197 76

208 61

Avg. 63 1003 19o5

Tens.le Strelnth of Swpaciens of Dakota Sanstow and Zuni Granite

Air A
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strength of the weathered Zuni granite is more thai twice as great as
that of the unaltered Unaweep granite of the Underground Explosion
'rest site. The tensile strength of the unweathered Zuni granite is more
than five times as great as that of the Unaweep granite.

5----Modulus of Rupture

Both NX and EX diamond drill cores were used foi modulus of
rupture tests. The NX cores were cut to a length of 6 inches and supported
on knife edges 5 inches apart, and the EX cores were cut to a length of
4 inches and supported on knife edges 3 inches uapart. The load was
applied midway between supports. The granite specimens were placed
upon the supports in such a manner that the load was applied normal
to the flow lines or normal to the trend of the mineral grains. The
photograph, Fig. 56, shows the setup for determining the n-odulus of
rupture of an NX granite drill core.

The specimens were air-dried at room temperature for two weeks
before testing. The ends of the specimens were cut off with either a
diamond or carborundum blade, but not polished. The diameters of the
specimens were measured to the nearest 0.01 inch.

4

.o

4 4
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Modulus of Rupture was calculated from the formula:

8WL

where,

R =-= modulus of rupture

W - applied load, pounds

L - span between centers of knife edges, inches
D -- diameter of specimen. inches

It may be observed from the tabulated results in Fig. 57 that the
average modulus of rupture of the Dakota sandstone is 355 pounds per
square inch, that of weathered granite is 2261 pounds per square inch,
and that of the unweathered Zuni granite is 5434 pounds per square inch.
The ratio between the moduli of rupture of unweathered and weathered
granite is roughly the same as the ratio of the tensile strengths of the
two rock types. When the results are compared with results for similar
rocks in other localities, the Dakota sandstone appears to be a normal
sandstone, but the Zuni granite is stronger and tougher than the normal.

Dakcta Sandstone Weathered Zuni Granite Zuni Granite

Modulus Modulus Modulus
Specimen of Specimen of Specimn I of

Rupture Rupture Rupture

14 515 - 773 - -

2•8 99 151. 1lj18  148 5285

74 286 165 Ui8 163 4769

152 269 27 3546  10 5466

179 377 86 3l427 12 5274

182 4s81 89 1764 18 5965

198 260 139 3480 21 6349

____________91 0247

A .355 2261 5h43

Fig. 57
Modulus of Rupture of Specimens of Dakota Sandstone and Zuni Granite

AMR.,5_
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6--Comnpressivo Strength

Sandstone diamond drill cores of NX size and granite diamond drill
cores of both NX and EX sizes were used for simple compression tests. The
ends of the test specimens were cut normal to the axis of the core so that
the length-to-diameter ratio was I to 1. The ends of the granite cores
were lapped perpendicular to the axis of the core and tested for smoothnes.,
until a water film on the lapped surface showed full contact with a
smooth glass plate. The procedure was modified for the sandstone speci-
mens because it was impossible to polish the loosely cemented sand
grains and because the silicon carbide used for polishing was permanently
imbedded in the clay matrix. The ends of the sandstone specimens were
smoothed against the flat surface of a fine carborundum grinding wheel
and checked in the same manner as the granite cores for uniform contact
over the bearing surfaces.

Both granite and sandstone cores were air-dried at room temperature
for two weeks after the end surfaces had been prepared, then tested
in simple compression in a Tmius-Olsen testing machine. The specimen
was centered between a 6-inch spherically mounted block in the fixed head
of the testing machine and a fixed block in the movable head. The rate
of loading was maintained at 100 pounds per square inch per second.

Front the test results tabulated in Fig. 58 it may be observed that

"the average strength of the Dakota sandstone in simple compression

is 5015 pounds per square inch, that of the weathered Zuni granite is
9142 pounds per square inch, and that of the unweathered Zuni granite
is 24,565 pounds per square inch.

If the Dakota sandstone of the Putney Mesa bombing site is compared
with the Navajo sandstone of the Underground Explosion Test site on

- a basis of tensile and compressive strengths alone, it may be concluded
that the Dakota sandstone is relatively weak and friable, because the
compressive strength of the Navajo sandstone (9938 pounds per square
inch) is roughly twice that of the Dakota sandstone and the tensile strength
is 4.6 times as great.

If the strength of the Zuni granite of the Paxton Springs bombing
site is compared with that of the Unaweep granite of the Underground
Explosion Test site, it is apparent that the compressive strength of the
weathered Zuni granite below the target surface is only 10 percent less
than that of the Unaweep granite and the compressive strength of the
unweathered Zuni granite is 2.3 •imes as great as that of the Unaweep
granite. When the average tensile strengths of the rocks from the two
sites are compared, it is apparent that the tensile strength of the weathered
Zuni granite is 2.4 times as great as that of the Unaweep granite, and the
tensile strength of the unweathered Zuni granite is 4.8 times as great
as that of the Unaweep granite.

When the compressive strength of the Zuni granite is compared with
the compressive strength of other granites in the Unitetd States, it is
apparent that the Zuni granite fal's within the normal range. Many
g ranites are stronger in compression, and many are weaker. It appears
that silicification increases the compressive strength of the Zuni granite,
and that sericitization, kaolinization, chloritization. and epidotization
decrease it.

IAA K.. -_ _
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Dakota Sandstone Weathered Zuni Granite Unmeathered Zuni Granite

Compressive Compressive Compressive
Specimen Strength, Specimen Strength, Specimen Strength,

psi psi psi

S6169 1 9730 11 20,573
42 4261 2 8118 13 21,1814
92 2989 3 7241 27 15,235
98 3628 5 8W 27-A 26,14n

100 5067 7 14346 61 30,331
102 5444 35 7534 89 25,579
108 3098 36 7006 90 21,963
112 5783 37 9953 91 17,681
117 3074 38 1098 91-A 31,506
126 3989 39 88N 92 31,9148

22 5080 24 37,866
43 2288 44 21,627
4t6 41434 514 26,1525
63 5205 56 17,006
76 1420 62 30,314
84 5254 62 309,30995• 2645 65 22,4585

7312
2568

1814 6255

59 8675
60 6227
"66 7617
67 6756
68 14420
n 5922
82 7089

Avg 5M 9 214o5657oee

Compressive Strength of Specimenp of Dakota Sandatone and Zuni Granite

7-Impact Toughne

Impact toughness was determined in the laboratories of the United
States Bureau of Mines by a method known as the Page Impact Test

II
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and by a method developed in the laboratories of the Mining Department
of the Colorado School of Mines using a cantilever-type impact-loading
device. The Page Impact Test involves dropping a weight from successively
higher heights upon a rounded plunger of 1-centimeter radius of curvature
until such a height is reached that the specimen is fractured or broken.
The toughness is expressed by the height (per unit area) at which failure
occurs. Th C.S.M. Impact Test involves releasing one end of a pivoted
steel beam which falls in an arc and strikes the specimen. The steel
beam is fitted with a tup which strikes a flat steel disc resting on top
of the specimen. The angle through which the beam rotates is successively
increased until failure results. The number of drops on a given specimen
is held at a minimum by means of preliminary experiments to determine
the range of failure. Impact toughness is expressed by the kinetic energy
(per unit area) at which failure occurs.

The specimens for the Page Impact Test and the C.S.M. Impact
Test were similarly prepared. Specimens were cut to a length-diameter
ratio of 1 to I and prepared as described previously for the compression
tests. The granite and sandstone cores used in the C.S.M. tests were air-
dried for 11% weeks at room temperature.

Figure 59 is a photograph of the C.S.M. impact apparatus. The axis
about which the beam rotates is equipped with a transit vertical circle
and vernier so that the angle of fall can be determined to the nearest
minute. The height of the platform which supports the specimen is
iadlustable in incremenlts of 1 inch by selecting the proper steel plate to
bring the beam in neprly a horizontal position at the instant of contact.
"A zero reading is taken on the vernier with the tup in contact with each
specimen, and a reading is taken again with the beam raised and about
to be released. The beam is so designed that additional weights can be
added directly over the impact tup if necessary. The kinetic energy of
each drop is computed using the weights and moments of the component
parts and the sine of the angle of fall. Impact toughness is computed from
the formula:

Kinetic Energy (ft-lb.)
Impact Toughness -- Cross Section Area of Specimen (In')

It may be observed from the results tabulated in Fig. 60 that the
average impact toughness of the Dakota sandstone is 24.95 foot-pounds
per square inch, of the weathered Zuni granite is 54.01 foot-pounds per
square Inch, and of the unweathered Zuni granite is 54.28 foot-pounds per
square inch. The ratios between the strength of unweathered Zuni granite
and Dakota sandstone Is 30.2 to I in tenhion, 4.9 to I in compression, and
2.17 to I in impact toughness. Considering the results of the impact tests,
it appears that the Dakota sandstone is tougher relative to Zuni granite
than the ratios between the tensile and compressive strengths would
indicate.

Specimens for impact toughness tests and specimens for compressive
strength tests were prepared in the same manner, and in many instances
the manner of failure was identical. Presumably, then, we may assume
that the average compressive strength of the unweathered Zuni granite
of 24,565 pounds per square inch for static loading is equivalent to 54.28
"foot-pounds per square inch in dynamic loading; also that the average:1 compressive strength of the Dakota sAndstone of 5015 pounds per squareinch is equivalent to 24.95 foot.pounds per square inch in dynamic loading.

' 7
". ..... 1-L777
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Fig. 59
C.S.M. Impact Apparatus

Although the number of weathered Zuni granite specimens available
for impact toughness testing is smaller than desired, it is of interest to
note that the toughness of the weathered and of the unweathered granite
is practically the same.

The results of the Page Impact Test are tabulated in Fig. 61. The
difference in results between the Page Tests by the U. S. Bureau of
Mines and the C.S.M. Impact Tests is, perhaps, due to the shape of the
striker.

8-geleeeaope Hardasess

The Shore Sclerescope measures the hardnem of a rock specimen by
the height of rebound of a diamond-pointed hammer dropped vertically
on the polished rock surface. Two types of Shore Sclerescopes are
available, and both types were ised in this work. In one type the hammer
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Dakota Sandstone Weathered Zuni Ora•ite Zuni Oranite/,

Impact Specimen Impact Specien tat
Specimen Toh p Toughness nftb/In)Number (rftib/in.2 ) Number To-hes /inber

123 14.57 8 54.80 57 /51.59
126-A 18.95 301 50.74 66 59.32
135 22.75 302 54.98 68 56.75
144 23.94 303 55.52 75 27.87
151 28.89 76 58.02
153 28.09 132 58.02
162 28.01 133 59.06
163 26,72 133-A 58.02
170 28.32 2146 58.5o
174 29.28 199 55.61

Avg. 21495 512.0 1 514.28
ft-lb/in. 2  ft-lb/in.2  ft-lb/In.2

C.S.M. Impact Tet
Impact Toughness of Specimens of Dakota Sandstone and Zuni Sandstone

Dakota Sandstone Weathered Zuni Oranite Zuni aranite

Impact Specimen Impact Speotven Impact
Nmpeormn Toughness pemen Toughness Nemben ( Toughness
Niber (in./aq in.) Number (in./sq in.) Numbe (In./sq in.)

70 19
79 nun. 22 nun.

173 avg. 23 avg.
106 26
133 1.0 29 15.0

1143 Standard 8u tandard
1148 Deviation 13. Dwilation
155 43$ in 29%
"165 136

U. S, Bureau of Mims (Page) Impaet Test

Impact Toughness of Specimens of Dakota Sandstone and Zuti Granite

_-_



Bomb Penetration Project 65Part A-Section IV

is dropped from a height of 3/4 inch above the rock surface, and the
height of rebound is recorded on a dial-type gauge. In the other type,
a very light hammer is dropped from a much greater height, and the
rebound of the hammer is observed through a graduated glass tube. The
non-recording type is shown in the photograph, Fig. 62.

I -

Fig. 02
Non-Recording-Type Shore Sclerescope, Model C

Specimens were prepared from NX diamond drill cores and the ends
were polished and tested as described for compression specimens; in
fact, the compression tests were run using the same specimens pre-
viously used for scleresc:pe hardness. The sclerescope hardness of each
specimen of Dakota sandstone and Zuni granite is the average of 20
readings on each specimen. The readings were taken with the points
of impact spaced uniformly and arranged in two mutually perpendicular
rows of ten each.

The sclerescope hardneas scale bears a direct relation to tVe Brinell

I ' ----- M r
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hardness scale for metals. The scale reading may be converted to inches
by dividing by a constant.

In Fig. 63 are tabulated both the average height of rebound in sclere-

scope hardness units and the average coefficient of restitution for each
specimen. The coefficient of restitution is determined from the formula

! ~ ~e=( hh_• )

where

e =coefficient of restitution

h2 =height of rebound

h, =height of drop.

Dakota Sandstome Weathered Zwmt 0Mits Unweat~hered Zuni Oranite

Speci- Coef. of H •pt- Coot. of H apea- Coef. of Hard-
m RetetitH- ness men Reetitl- Retit- ns

tion tion tion

33 8 9- 1 0 67 4.65 U 0.897 9465&
9 23.85 2 0.636 18 0.88 9.6

60 0o.06 19.83 3 0.706 59.85 27 0.835 83.80
66 o0l41 20.55 5. 0.689 57.00 27-A o.869 90.55

67 0.40O4, 19.58 7 0.815 79.65 61 O.924 102.40
68 0.1433 22.50 35 0.767 70.66 89 0.872 91.35

71 0..429 22.05 36 o.667 534x0 90 0.890 95.10
82 0.393 18.55 3 0.723 62.75 91 0.91 97.35

38 0.675 54.-70 91-A o.586 94.15
o.66o 52.30 92 0.890 95.15

8-- 76.05

303 - 4~7-J

AvW. O.1,,5 J____ 0.698 58.48 I .8 9O1.,

Fig. 6a
lreoPe Hardnes and Coefficient of Restitution for 8peclnena of Dakota

Sencato•e and Zuni GranJt*--Dlamond-Polnted Hemmte

tIb
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From the tabular data it may be observed that the average sclerescope
hardness of the l)akota sandstone is 20.74. of the weathered Zuni granite
is 511.48, and of the unweathered Zuni granite is 94.11. The coefficients
of restitution in the same order are 0.415, 0.698, and 0.885. The sclerescope
hardness and the compressive strength of rocks appear to be closely
related, but the relation does not appear to be a straight-line function.

9-Elastic Constant--Dynamlc Method

Elastic constants of Dakota sandstone and of Zuni granite were
determined in the laboratories of the United States Bureau of Mines at
ColleLge Park, Maryland, in accordance with procedure described in
U.S.B.M. Report of Investigation 3891.

a) Young's Modulus

In the dynamic method. Young's modulus is computed from the formula

E-- V,ýdc

where

E Young's modulus

V - longitudinal velocity of sound

- (d density of the rock.

The longitudinal velocity of sound is computed from the formula

S~V,--2fiL
where V

Sf, fundamental longitudinal frequency

L length of the specimen

b) Modulus of Rigidity

The modulus of rigidity, or the ratio of the sheslring stress to shearing
strain, is computed from the formula

G==V,d

where

G modulus of rigidity

V, torsional velocity of sound

d - density of rock.

The torsional velocity of sound is computed from the formula

)A
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'V -- 2f, L

where

f, vfundamental torsional frequency

L l-- 'ength of specimen.

c) Apparent Poisson's Ratio

Apparent Poisson's ratio is computed from the formula

where

m - apparent Poisson's ratio

E - Young's modulus

G - modulus of rigidity.

d) Tabulation of Elastic Constants--Dyi.amic Method

The elastic constants as determined by the United States Bureau of
' Mines using the dynamic method are as follows:

Dakota Swadutone Umnatiered Zuni Orwdnte

"- - b .,mi. +
AC; 0 ~ I.*.., * oO ,e.Z89

x A
281143

53 0.780 x 106 0.1400 x 106 -.0214 195 U9 x 106 14.7 x 106 0.27
59 1"919

163 201
186

S3tnd-
ard 13.0 13.0 14.9 2. 19.0

-i' 64

E IahtK Utna.tints for Dakoto iantl tduml aunhd r•vul l .. -- Dyrnaniar Method
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10-Velocity of Sound and Seismic Velocity

The longitudinal bar velocity of sound is determined by measuring
the fundamental resonance frequency of a cylindrical bar. The frequency
multiplied by twice the length of the bar equals the longitudinal bar
velocity. The longitudinal velocity in an unlimited solid medium is related
to the longitudinal bar velocity by Poisson's ratio as follows:

V. 1-rm
V- I -m- 2m"W

where

V,. velocity of sound in unlimitud medium

V" longitudinal bar velocity, and

m Poi.son's ratio.

Values of the longitudinal bar velocity, V, as determined by the U. S.
Bureau of Mines for Dakota sandstone and Zuni granite are as follows:

Bar Velocity
Longitudinal. Torsional,

fps fps

"" Dakota sandstone 5,210 3,730
Zuni granite 17,800 11,100

When m 0.20, the ration V. to U is 1.1, and the longitudinal velocity of
sound in an unlimited granite medium is

- 1.1 x 17,800- 19,580 feet per second,

When In -0.024, the ratio V. to V is 1.0 and the longitudinal velocity ol
sound in an unlimited Dakota sandstone medium is 5,210 feet per second.

Ili-Elastic Constants. Static Method

Specimens of Dakota sandstone, weathered Zuni granite, and
unweathered Zuni granite were tested in the Structural Laboratory of
the Bureau of Reclamation in simple compression to obtain Young's
modulus and Poisson's ratio, and in the triaxial testing machine to
determine the triaxial compressive strength and the equation of Mohr's
envelope. Using values of Young's modulus and Poisson's ratio determined
from strain measurements in the simple compression tests, the bulk
modulus, the shear modulus, and the relative volume change %V V.,
were computed from the Bureau of Reclamation data,

Specimens (of weathered granite, unweathered granite, and Dakota
sandstone were first subjected to an initial loading cycle in which longi.
tudinal and lateral strain measurements were taken. Later the load&
were carried to failure. In most cases the first cycle strains nearly coincide
with the second cycle SR-4 strain gauges in pirs were placed longi-tudinally and horizontally on opposite sides of the specimen.

7 -,
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Using the strain measurements from the initial loading cycle. Young's
modulus and Poisson's ratio were computed for three granite and three
sandstone specimens. Results are tabulated in Fig. 65. The stress-strain
curve shows increased linearity with decrease in weathering and alteration.
Since the strain measurements of the sandstene and weathered granite
specimens show definite curvature, the modulus was computed from
the average slope of the stress-strain curve between the limits of the
accompanying stress range. In other words, the reported value is a tangent
modulus that adheres very closely to the measured strain curve within
the indicated stress limits. Likewise, Poisson's ratio is the ratio of the
slopes of the measured curves within the indicated stress range.

Figures 66 and 67 show extended longitudinal and lateral stress-
strain curves observed from the final loading cycle of the elasticity
specimens. Some irregularities occur at high load in the case of un-
weathered granite specimens 14 and 84T, which may be due to local
failure near the strain gauges and should not be considered representative
of the material.

The extremely large lateral strains near the failure point of the
sandstone and weathered granite may be due to a change from decreasing
to increasing volume in preparation for failure. At this point the lateral
strains are increasing at a rate several times greater than the longitudinal.

"Using the stress-strain curves. Figs. 66 and 67, values of Young's
. - modulus were calculated for stress intervals of 1O pounds per square

inch using the formula:

ES

where

* E F Young's modulus

S aplolied stress
e. longitudinal strain

Similarly, using the stress-strain curves, Poisson's ratio was calculated
* for the sane stress interals from the formula:

where,

m .- Poiatoon's ratio
V, lateral strain

""1,,n=,gitudinal strain.

The computed values for sanditone. weathered granite, and un-
weathered granite are presented graphically in Ftg M. The diagrams
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are arranged so that Young's modulus and Poisson's ratio of the threc
rock types can be compared readily. It may be observed that the so-called
elastic constants are not constants but are variables which depend upon
the stress range. Values of Young's modulus for unweathered granite
decrease in the higher stress range, whereas values of Young's modulus
for weathered Zuni granite and Dakota sandstone increase. Unweathered
granite specimen 84T shows the least variation. Values of Poisson's ratio
for unweathered granite either decrease (specimen 14) or increase at a
moderate rate in the higher stress range, whereas values of Poisson's ratio
for weathered granite and Dakota sandstone increase much more rapidly.
At the point of failure in simple compression the value of Poisson's ratio
for Dakota sandstone is 1.63 times that of unweathered granite.

At 24,600 pounds per square inch, the average compressive strength
of the unweathered Zuni granite, (see Fig. 58) the maximum value of
Poisson's ratio 'hat might be inferred from presently available data is
0.232. In the same stress range it is evident from inspection of Fig. 68
that the Dakota sandstone would behave plastically. Thus, Poisson's
ratio for the sandstone would approach 0.50 and the ratio of Poisson's ratios
for the two rocks would approach a maximum of 2.2.

12-Triaxial Compression Touts

Triaxial compression tests of specimens of Dakota sandstone, weath- I
ered Zuni granite, and unweathered Zuni granite were conducted by the
United States Bureau of Reclamation in the structural laboratory at
Dtenver. Specimens of each rock type were tested in groups of three
subjected to the same lateral load. The zero lateral load member of each
triaxial group provided stress-strain data used in calculating Young's

modulus and Poisson's ratio. The lateral load was introduced by means
- , of a hydraulic pump to NX diamond drill core specimens fitted with a

rubber jacket inside the triaxial testing cylinder.

The confining lateral load on the outside of the jacketed specimens
was added in increments of 250 pounds per square inch to specimens of
Dakota sandstone and in increments of 1000 pounds per square inch to
specimens of weathered and unweathered Zuni granite. As the confining
latoral load increased, the longitudinal stress at the failure point likewise
increased. The lateral streas Is referred to as S:, and the longitudinal
,.trest kit failure is referred to as S,. Values of S., and corresponding valuesif 1, for each of the three types of rocks are tabulated in Fig. 69.

The relations of the principal stresses at failure and the shear equations
for a segment of Mohr's envelope as determined by the Coulomb formula'
were computed by the method of least squares, and the results for each
of the three rock types are tabulated in Fig. 69. Other test data have
shown that Mohr's envelope is curved in the general case and prudence
should be exercised in extrapolating values far beyond the test ranges. Fig.
70 is a photograph of a group of test specimens of Dakota sandstone which
shows the manner of failure.
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Weathered Umusathered
Dakota Send Zuni Granite Zuni (hsaito

NNo. S1 S3 No. $. 1 53
psi psl psi psi Pei psi

21 561o 0 33 3700 0 84T 26880 0
16 6595 0
15 7830 0

8090 250 I4 1256o 1000 2 3247o 1000
S9290 250
35 9760 250
20 12290 500 34 IWO 2000 1 34030 2000
5o 13250 500
25 13570 500
34 1245o 750 843 37o20 3000
39 1)760 750
4o 140o3o 750
12 15300 1000 85 I98o0 60(0
17 16650 0ooo
18 16900 low
99 16120 1250
23 16210 1250
30 1?570 1250

Relation of 1 and S3  Relation of Il and 3 Reklation of a. aind 3
81 - 7210+8.683 s 0 - 4510 * 5.883 1 -i24360 + 5.683

Mohr's Dvelope Mohr's ktwe.lpe Mohr's loelopeSY = 1210 + 1.3X Y " .940 * I.0• Y - 0,4 * I *=Z

Fig. go

Triaxial Compressive Strength
Dakota Sandstone, Weathered Zuni Granite, and Unweathered Zuni Granite

The equation giving the relation of the principal stresses at failure
is of the form:

8,=C+ASs

where
S, -longitudinal principal atkves at failure, pounds per aquare inch

C =simple compreaave strength, pounds per square inch

A =A Constant
S = lateral principal atrea at failure, pounds per square inch.

-•-- ,-. .--1-- -
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Fig. 70
Test Specimens of Dakota Sandstone Showing Manner of Failure

Referring to the equations tabulated in Fig. 69 and to Fig. 58 for aver-
age compressive strengths, the rebuAts compare an follows:

Average
C, psi Compressive

Strength, psi
Dakota Sandstone .. .. 7,110 5,015
Weathered Zuni Granite . . 4,510 9,142
Unweathered Zuni Granite -- 24,360 34,565

It is apparent from this comparison that the results of the triaxial
tests on the unweathered Zuni granite substantiate the results of the com-.a rmsion tests and that the assumption of a straight line St=24,54 + 5.68s
isreasonably accurate. It is apparent that the number of specimens of

weathered granite in the triaxial tests is insufficient to draw any definite
conclusions. It is also apparent that the slcpe of Mohr's envelope for
Dakota sandstone is a curve rather than a straight line. Values of S corn-
puted using the equation for Dakota sandstone, S,=7110 4I. 6A., ares
perhaps too high in the ran e 0 pounds per square inch to 500 pounds per
square inch lateral load, ang in the range beyond 1250 pounds per sur
inch lateral load. Perhaps this relation isdue to the plastic nature of the
Dakota sandstone in the high stress range.

9.;ss
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The equation of Mohr's envelope is of the form:

Y=c+X Tan #

where
Y =shear stress at failure, pounds per square inch

c=unit cohesive strength, pounds per square inch

X =accompanying normal stress, pounds per square inch
0 =angle of interval friction

Tan 0 ==slope of line representing Mohr's equation

Inspection of the equation of Mohr's envelope shows that c, the unit
cohesive strength, equals the strength of the rock in pure shear when
X equals zero. Therefore from the equation of Mohr's envelope the pure
shear strengths of the three types of rocks are as follows:

Pure Shear Strength,
psi

Dakota Sandstone ......................................... 1210
Weathered Zuni Granite ................. .................. 940
Unweathered Zuni Granite ............................... 5140

The data of Fig. 69 for Dakota sandstone and for unweathered Zuni
granite have been used to construct the Mohr diagrams of Fig. 71. The
diagrams have been plotted to the same scale$ so that the envelope of
rupture for the two rock types may be compared visually. It may be
observed that the slope of Mohr's envelope is much steeper for sandstone
than for unweathered Zuni granite, and it may be inferred that the"strength of the sandstone becomes greater than that of the granite as the
lateral load increases.

IS-Summary of Results

The arithmetic meaoi of each of the physical rock tests, the stindard
deviation, and the coefficient of variation have wone determined statistical-ly and are presented in summary form in Fig. 72.

A dispersion of test data about the arithmetic mean is to be expected,
and th' "standard deviation" is one means of expressing this dispersion.
The standard deviation is expresued by the formula

where,
a--the standard deviation
x =the deviation from the arithmetic mean

N =the number of teat specimens,
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Thus• the standard deviation is the quadratic mean of t he deviations
from the arithmetic mean and is the root-mean-square of the deviations.
The standard deviation is affected by the value of every test. and is an
absolute measure.

The "coefficient of variation" is a measure of dispersion that is useful
where the units and the sizes of the averages differ. It may he expressed
in the form of an equation:

V=-- 100
x

\A, here,
V h crfficient (f variation

'r the Aiandurd deviation

x the arithmetic mean.

Thus, the coefficient of variation is a means of expressing the standard
deviation as a percentage of the arithmetic mean.

Values of the elastic constants have not been included in the table,
because the so-called "elastic constants" arc not. constants but are variables
depending upon the stress range. The reader is referred to Figs. 64, 65, and
68 wherein Young's modulus and Poisson's ratio 's determined by the sonic
method are recorded, and variations of Young's modulus and Poisson's
ratio in the stress range to failure are presented graphically
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PART B-BALLISTIC DATA

SECTION I-BOMB CHARACTERISTICS
AND NOMINAL DIMENSIONS

I-Introduction

A total of 50 inert bombs was dropped in the Bomb Penetration Test
Project; 20 were dropped at the Paxton Springs granite site, and 30
were dropped at the Putney Mesa sandstone site. Of the 20 bombs dropped
on the granite target, 9 were 1600-pound armor-piercing AN-MK-1 bombs,
9 wre 2000-pound semi-armor-piercing M 103 bombs, and 2 were 25,000-
pound semi-armor-piercing bombs. Of the 30 bombs dropped on the
sandstone target, 9 were 1600-pound armor-piercing AN-MK-1 bombs,
9 were 2000-pound semi-armor-piercing M 103 bombs, and 12 were 2000-
pound general-purpose AN-M66 A2 bombs.

2-Descriptlon of Bombs Used in the Tests

Photoraphs of the bombs used in the tests were furnished by Edwards

Airforce Base, Muroc, California, Detail drawings of the several types
of bombs were furnished by the Department of Ordnance through the

ii

I1

Fix, 73

"1600-Pound Armor-Piercing AN-MK-1 Bomb
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Protective Construction Branch, Office, Chief of Engineers. Each of the
bombs was weighed and assigned an airforce number. Certain critical
dimensions were measured at Edwards Airforce Base before the bombs
were loaded into the bomb racks of the bombing plane. Each bomb was
assigned a C.S.M. number at the instant of release. The C.S.M. number
is the number referred to repeatedly in this report.

2a-The 1600 AP, AN-MK-I Bomb

Figure 73 is a photograph of the 1600 AP, AN-MK-1 bomb with its
attached fin.

Figure 74 shows certain critical dimensions which were taken from
Department of Ordnance drawings numbers 328867 and 328870. The
maximum variations between the actual weight and the nominal weight
was 54 pounds-the actual weight being greater than the nominal. The
actual weight of each bomb is recorded on a summary data sheet of the
bombs dropped at each test site. The differences between the actual and
nominal dimensions were negligible. The sectional pressure is fV"-nd by the
formula

4W

where,

S = sectional pressure

W = weight, pounds

d - diameter, inches

The sectional pressure of 10.40 as recorded on the outline drawing is
computed using the nominal weight and the nominal dimensions, whereas

"= actual dimensions and actual weights have been used in the Analysis and
in the field data summary sheets.

Similarly, the sectional density of 0.583 as recorded on the outline
drawings refers to nominal dimensions and nominal weights, whereas
the actual dimensions and actual weights have been used in the analysis
and in the field data summary sheets. The sectional density of a bomb
is given by the formula

where

D - sectional density

W = weight, pounds

d = diamoter, inches

The caliber radius head has been computed from the nominal dimenm-
"sions and equals the radius of the ogive, R, divided by the diameter of
the bomb . The caliber radius head of the 1600 AP bomb is 2.

The slenderness ratio equals the length in ,allbers, or equals the

' ia
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length divided by the diameter of the bomb. The slenderness ratio of

the 1600 AP bomb is 4.80.

2b-The 2000 SAP, AN-M 103

Figure 75 is a photograph of a 2000 SAP, AN-M 103 bomb used in
the Bomb Penetration Tests with a M117AI fin assembly. Figure 76
shows certain critical dimensions which were taken from Ordnance
drawings numbers 82-0-133 and 82-3-582. The greatest variation in weight
was 79 pounds heavier than the nominal weight. The maximum difference
between the actual and nominal length was 0.44 inch, and the largest
difference in diameter was 0.35 inch. The nominal sectional pressure of
the 2000 SAP bomb is 7.24 and the sectional density 0.302.

2c--The 2000 GP, AN-IV88A2 Bomb

Figure 77 is a photograph of a 2000 GP, AN-M66A2 bomb used in
the Bomb Penetration Tests with a T143 fin assembly. Figure 78 showscertain critical dimensions which were taken trom Ordnance drawings
numbers 82-0-76 and 82-3-360. The deviation of the actual weights and
dimensions from the nominal was greater than for other types of bombs
used in the tests. The maximum increase in length was 0.6 inch and the
maximum increase in diameter was 0.18 inch.

The nominal sectional pressure of the 2000 GP bomb is 4.77, and the
nominal sectional density is 0.162.

2d-The 25,000 SAP, T28M4 Bomb

Figure 79 shows the characteristics and nominal dimensions of the
25,000 SAP, T28E4 bomb used in the Bomb Penetration Tests with a
T115E1 fin assembly. The dimensions were taken from Ordnance drawings
numbers TAM2749, TAM2751, TAM2152, TAM2753, and TAM2754. The
largest deviation from the nominal weight was 265 pounds.

The nominal sectional pressure is 31.08 and the nominal sectional
density is 0.763.

A photograph of the bomb and fin assembly before dropping is not
available. However, Figs. 38b, 38u, and .1d show Bomb 19 (C.S.M. number)
as it was being removed from the crater.
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SECTION I-BOMB BALLISTICS

l-Striking Velocity

The elevation of the Paxton Springs granite site target is 7800 feet, and
the elevation of the Putney Mesa sandstone site target is 6950 feet. Using
tabular data for level bombing with 1600 AP, 2000 SAP, and 25,000 SAP,
bombs furnished on December 18, 1950, by the Ballistics Research Labora-
tories, Aberdeen Proving Ground, Maryland, and based upon a target
elevation of 6950 feet above sea level, curves were drawn by the C.S.M.
Research Foundation in which striking velocity was plotted against altitude
above target.

Figures 80. 81, and 82 show the relation between striking velocity in
"feet per second and altitude above target in feet for 1600 AP, 2000 SAP,
and 25,000 SAP bombs respectively, and for true air speeds of 250, 300,
and 350 miles per hour. The 25,000 SAP bombs were dropped at the granite

site only. Therefore, the striking velocity shown in Fig. 82 must be cor-
rected for the 7800-foot target elevation. However, the Ballistics Research
Laboratories state that "a height of target of 7800 feet would increase the
striking velocity by less than 5 feet per second and would decrease the
striking angle by less than I degree."

Figure 83 shows the relation between striking velocity in feet per
second and altitude above target in feet for 2000 GP, AN-M66A2 bombs
with T143 firs based upon a target elevation of 7800 feet. The general-
purpose bombs were dropped on the sandstone site only (target elevation
6950) and the striking velocities obtained from the graph must be corrected
to the 6950-foot target elevation. "A height of target of 6950 feet would
"decrease the striking velocity by less than 5 feet per second and would
increase the striking angle by less than I degree."

An examination of the curves for striking velocity as a function of
height of drop shows that the striking velocity increases with the height of
drop and also increases with the air speed of the plane at the instant of
release. An increase in the air speed causes relatively less increase at a
high altitude than such an increase of speed causes at a lower altitude.
The curves also show that the terminal velocity, or velocity the bomb
attains at a time when the air resistance is equal to the force of gravity
"and no further increase in velocity takes place, has not been reached for
any of these bombs.

Figure 84 has been reproduced from graphs furnished by the Ballistics
Research Laboratory to show the effect of target elevation upon the strik-
ing velocity of 1600 AP, 2000 SAP, 25,000 SAP, and 2000 GP bombs.

2-Angle of Fall

Figure 85 is a graph showing the relation between plane speed, release
altitude above the target, and angle of fall for level bombing with 1600
AP and 25,000 SAP bombs. The curves for the 2000 GP bomb are based
upon a target elevation of 7800 feet, whereas the curves for the 2000 SAP
bomb are based upon a target elevation of 6950 feet. Data for Figs. 85
and 86 were obtained from the Ballistics Research Laboratory.
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Curves exhibiting the angle of fall at various air speeds and heights
of release show that the angle of fall increases with an increase in height
of drop and decreases with an increase of the air speed. If the bomb were
to strike at its terminal velocity, and if that terminal velocity consisted
only of a vertical velocity component, the angle of fall at impact would
be 90 degrees. The angle of fall at any particular instant is that angle
whose tangent is the ratio of the vertical to the horizontal components of
the velocity.
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PART C-PENETRATION TESTS IN ZUNI GRANITE

SECTION I-TEST PROCEDURE

1I-Detail Layout of the Granite Site

Figure 87 is a topographic map of the Paxton Springs granite site
reduced in scale from the map presented in the appendix. (See Appendix,
part B.) The reader is referred also to Figs. 11 and i2, aerial photographs
of the granite site target area. The topographic map shows the target and
marker layout, the access and grid roads through the target, and the
location and elevation of each point of bomb impact. The contour interval
is 5 feet. The centers of the several bomb craters are the intersections of
the crater cross-section lines AB and CD, and the bomb crater is marked
with the C.S.M. bomb number. The direction of the line of flight is always
along the AB section line from B to A. The bearing and the direction of
the line of flight are shown adjacent to the number designating the
crater number or the bomb number. Detail maps of each crater are pre-
smnted in the appendix and may be oriented to the topographic map if
desired by use of the AB and CD axes. The topography of the central
part of the target area was mapped in greater detail than that of the
area in Fig. 87. and is available in the appendix at a 1-foot contour interval. j

The topographic map was used as a base map for detailed geologic
mapping of the Zuni granite. Because of the large scale reduction, the
detail geology is not shown in Fig. 87, but the joint orientation is shown
i\ a clock diagram and a strain ellipse adjacent to each of the granite
outcc-nps. The theoretical attitude of longitudinal joints parallel to the
major axis of the ellipse, cross joints parallel to the minor axis of the
"ellipse, and diagonal joints at 45 degrees to the minor axis are indicated
within, the eliipse. By comparing the theoretical attitude with the attitude
(if the lines in the clock diagram, it is possibie to identify the joints within
the outcrop area and to observe the relative abundance of any joint set
and the dispersion of orientation. The long axis of the ellipse is thought
to coincide with the direction of maximum strain during emplacementof the granite and during mountain building.

2-Description of the Tests in Granite

Nine 1600 AP bombs, nine 2010 SAP bombs, and two 25,000 SAP
boImbs were dropped at the granite site. One of the 25,000 SAP bombs" ~wals released at 18,000 feet above the target; the other, because of engine

trouble which prevented attaining a higher altitude, was released at
26.000 feet above the target. The 1600 AP and the 2000 SAP bombs
were released from 9200 feet, 18,000 feet, and 30,000 feet above the target.
Becatese of clouds forming over the target it was necessary to drop one
of the 2000 SAP bombs at 14,000 feet rather than at 30,000 feet, the intended
height of release. Essentially, three 1600 AP and three 2000 SAP bombs
wete released at each of three diffe,'cnt altitudes.

Figure 88 is a diagram illustrating such terms as "ground ring," "up-
"surge area," "6 o'clock position," arid "hanging-wall" and "footwall," show.
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84 Bomb Penetration ProjectPart C--Section I

ing the various measurements that were made to record the path of the
bomb and the depth of penetration of the bomb. The procedure followed
in mapping craters and making damage surveys in the field has been
described in Part A. Section I.

Evidence used in determining the point of impact as recorded in the
field has been supplemented by use of ballistic data not available at the
time of field mapping. In some craters, a trough-shaped path with a
diameter corresponding to the bomb diameter, or a remnant of such a
trough, was present. In these craters it was a relatively simple task to
locate the impact point and map the crater with confidence. In other
craters, the rock was crushed so badly that the only evidence of the path
of the bomb was the relative amount of crushing and fragmentation at
various points. In most craters the point of maximum bomb penetration
was determined by the nose of the bomb being in place, or by a mold of
the bomb nose in the rock.

The field evidence was reviewed in the drafting laboratory. Scale
models were constructed of each bomb and the path was tested using the
known line of flight and the known angle of fall at impact. Two assump-
tions were made in drawing the path. First, it was assumed that no devia-
tion from the line of impact (see sketch) took place in soil less than 2 feet
thick. Second, it was assumed that one-fourth of the curvature occurred
in the first half of the distance between the point of impact and the point
of maximum vertical penetration and three-fourths occurred in the re-
maining half of the distance.

The crater map for Bomb 17, Fig. 32, is typical of evidence recorded
on the crater maps of each bomb dropped at the granite site. Similar maps
for each of the craters are part of the appendix to this report. (See Appen-
dix, part C.)

The measurements shown diagrammatically in Fig. 88 together with
. the essential ballistic data for each of the bombs dropped at the granite

site are tabulated on the data sheet, Fig. 89. The data sheet is divided into
flight and ballistic data on the left and crater measurements on the right.
The bombs are referred to in this report by the C.S.M. bomb number.
Bombs of the same type and dropped from the same altitude are arranged
in the data sheet by groups, and each group is assigned a group number.
Most of the items of the data sheet are self-explanatory, but the followingexplanation may clarify certain points; the points discussed are arranged

"in the order of the column headings.

The actual weight of the bomb includes the weight of the fin and the.
fuses. Weighing was done at Edwards Airforce Base. The striking velocity
and the angle of fall were taken from the ballistics data presented in Part
B. Section II.

The time of fall given in the culumn is a rough approximation only;
it was measured with a stop watch as an aid in taking pictures on the
ground. The energy of the bomb is the kinetic energy of the bomb plus the
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/X - Horizontal displacement of nose a? maximum penetration,(rock)
X - Horizontal displacement ofnoe tmaiu pntrin,(ck
XH -fHorizontal displacement of nose, maximum penetration to

rg Area final position
Y - Vertical displacement of nose at maximum penetration,(rock)

6 o'clock Yu - Vertical displacement of nose, meximum penetration to
. sfinal position

Z - Horizontal deviation from line of flight to maximum
penetration

ZF - Horizontal deviation, maximum penetration to final position
NFR - Penetration normal to rock surface at final position
PS - Path length in soil along arc
PRM - Path length in rock along arc at maximum penetration
PTM - Path length, soil and rock, along arc at maximum

penetration
9 o'clock P - Total path length along arc
pos/ibOn Ns - Normal thickness of soil at maximum penetration

N - Normal thickness of rock at maximum penetration
NT - Normal thickness, soil and rock, at maximum penetration
iTs - Inclined distance, at maximum penetration, in soil, along

line of impact

/ . -AR - Inclined distance, at maximum penetration, in rock, along
line of impact

SOil 'IT - Inclined distance, at moaimum penetration, soil and rock,
along line of impact 

'Io C' N - Perpendiculai p tstance from line of impact to bomb nose

at maximum penetration

, A F - Angle of fail
4 0 - Angie of Impact
4 H - Angle of horizontal deviation from line of flight
4 V -Vertical deviation at maximum penetration from line of

impuct

-Point of impact
- ( - Point of maximum penetration

r.... - Final nose position

AP /--- Path of bomb nose

NOTE: -All measurements to nose of bomb
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Part C-Section I

fin at impact. In some instances the fins were knocked off at impact. The
energy at impact equals

KE= rV 22g

where

w - weight of bomb, fuse, and fins, pounds

V - impact velocity, feet per second

g - 32.14 feet per second per second at latitude 35 degrees N.

In the table, impact energy is given in millions of foot-pounds, and in the
preliminary analysis no correction was made for possible loss of the fins,
because dispersion was so great that a correction at this stage would be of
little value.

The impact point column refers to the coordinate system on the spot-
ting map. (See Fig. 18.) The angle of impact differs from the angle of fall
and includes a topography correction. (See Fig. 88.)

The columns X throughAVare defined and illustrated in the diagram
of crater measurements (Fig. 88). Crater volumes in rock, in soil, and in
rock and soil were determined from plaster models constructed to scale
from the plan and cross section. The volumes were computed using the
weight and density of galena required to fill the specified portion of the
cavity in the model.

The crater radius, R, is the radius of a circle whose area equals the
area of the plan view of the crater. Cratr areas were measured with a
planimeter. The crater depth, D, is the distance to the deepest point in the
crater measured normal to the ground surface. The quantity R/D is the
"ratio of the radius, as defined, to the depth, as defined.

3--Vertical penetration of 1500 ARP 3000 SAP. and 35.000 SAP Bombe in
G•anite

tetThe dispersion of date for test drops in granite is greater than for the
test drops in sandstone. A high dispersion should not be interpreted as
indicating that certain data should be eliminated; rather it should be
recognized that the dispersion is caused by variations In the geologic

* - . properties of the rock and that in a normal granite wide variation
In geologic properties Is truly representative of the rock type. It Is difficult

* to determin e *cause for the differene in penetration between bombsof the same t ype released from the seine altitude at the same plane speed
and striking the same type of rock, but the explanation must be relatedto the physical and the elastic properties of the rock.

i Of the several measurements swmmarized on the data sheet it seems

i preferable at this phase to compare vertical penetration at various values
of kinetihenergy rather than to mase any of several other possble eam-
parisons. In Fig. 90 the vertical penetration of 1600 AP, 2000 SAP, and
2,000 SAP bome In granite has been plotted against impact energy. The
vertical penetratisr equals the Y distance in Fig. 89. No attempt has been

In 90 the v pe t of 1 A

100 in grnt ha enpotdaantipc w h
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made to correct for soil thickness, topography, obliquity, or geologic prop-

erties of the rock. Geologic features had a pronounced effect upon 1600

AP Bombs 2, 4, 6, 7, and 8. Semi-armor-piercing bombs show a tendency to

rebound from the crater. Bomb 13 bounced and came to rest 1620 feet from

the point of impact. Bomb 16 bounced and came to rest 20 feet from the
crater.

Bouncing occurs after penetration; it is not a simplematter of rebound

at impact. The rebound for Bomb 16 might be described as resulting from

the rebound of the "wedge" of rock containing the bomb. The "wedge"

was formed by intersecting and inward-dipping joint planes. The photo-

graph, Fig. 91, shows the joint system in the Zuni granite that controlled

the rebound of Bomb 16 and the manner in which the wedge of rock was

removed, leaving the crater nearly clean. The rebound of Bomb 13 was

influenced by jointing, but the effect of the joints was to displace the nose

of the bomb horizontally and thus rapidly increase the vertical deviation

of the bomb from the line of flight. The photograph, Fig. 92, shows the

path of Bomb 13 leaving the crater.

Penetration is less where rebounding occurs than where it does not

occur. Moreover, the decrease in vertical penetration due to rebounding
is not constant, but varies with the energy remaining in the bomb as it

emerges from the crater. It may be noted by referring to Fig. 90 that the

4-

Control of Rebound by Joint Plano
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Path of Bomb 13 Leaving Crater

penetration of SAP Bombs 13 and 16 is los than that of other SAP bombs
released from the same altitude.

The penetration data for the two 25,000.powtd semi-armor-piercn
bombs dropped at the granite site are =ompWled in Fip. U, o VU.
Map of the resulting exater are included in the appendix of thMa report
and in Flp 97 and OIL Because of the expense involved, only two 3,000
SAP bombs were dropped. Vertical penetration of Bomb 19, released from
18,000 feet above the target, and Bomb 20, released from 26,000 feet above
the target, is plotted against impact energy, in Fig. 90. The firs of both
bombs remained attached to the full depth of penetration.

4-rate hAMe as Related to mp=e Sawe"

Fgure 93 is photograph of the apparent crater of Bomb , a 1O-
pound armor-piercing bomb released 9200 feet above the target. The

S | -
-- 
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view is taken from the 6 o'clock position looking In the direction of the
line of flight. The level rod on the ground is parallel to the line of flight.
The near end of the level rod is hlightly to the right of the point of
impact. Th. depressed area to the lt of the level rod is the "upsure
area," and the rest of the flyrock is part of the "Mound ring." The broken
material within the ground ring consists predominantly of chunks of
overburden and pieces of near-surface rock. The broken material Waiht
the upsurge area is much finer than that in the ground I and condsts
predominantly of. rock that has rie along the path of the bomb. The
ground ring is elongated at right angles to the lin, of flight; the amount
of flyrock to the rear of the point of impact is neligible.

The crater maps in the appendix show the apparent and the true
craters for each bomb dropped during the tedts. The distribution of
flyrock is shown by the shape of the ground ring on each crater map
and is influenced by the topography and by the geologic features within
the crater a.-ea.

The photographs, Figs. 94 and 96, show how the crater shape changes
with an increase in energy. There seems to be a tendency for the R/D
ratio to increase with increasing energy until a certain critieal energy
is reached; the R/D ratio then begins to derN. Figure 94 is arranged so
that a comparison of the crater shapes produced by l00-pound AP
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bombs dropped from altitudes of 9200, 18,000, and 30,000 feet may be
obtained visually. Figure 95 is similarly arranged for 2000-pound SAP
bombs, with the height of drop increasinig to the right. The line of flight
is the AB line on the models, and the numbers on each block are the
C.S.M. bomb numbers. Cross sections along the AB lines are oriented
in their proper position and rest on top of the model block. The soil-rock
contact is shown by a heavy line in the model. In the model of Crater
18 two lines are shown: one represents the soil-weathered rock contact;
the other represents the weathered-rock-unweathered-rock contact.

The additional cost necessary to determine the crater shape of the
two 25,000-pound SAP bombs prevented the accumulation of similar
data for the 25,000-pound SAP bombs, but it is unlikely that any addi-
tional fundamentals would have been learned.

5-Path Shape as Relaled to Impact EneMry

A very noticeable change in the path of a bomb crater occurs with
an increase in impact energy. There in a decided tendency for the
path length to behave in the same manner as the crater shape; i.e., the
length of the path increases up to a certain critical point; then a further
immediate increase in impact energy results in a reduced rate of penetra-
tion, and perhaps in a reduced depth of penetration. The relations are
the subject of a series of investigations that are discussed in the Analysis.

The paths of 1600 AP Bombs 3, 5, and 9 are shown in the top half

of Figure 96, and the paths of 2000 SAP Bombs 11, 18, and 16 are shown
in the bottom half. Angle V, a measure of the curvature of the path,
is summarized for the two types of bombs at energies :orresponding to a'
release altitudes of 9200, 18,000, and 30,000 feet as follows:

Impact Energy.. V,V
Bomb Type Bomb No. million ft-lb degrees

1600 AP 3 18.24 2%
1600 AP 5 29.73 11¼ max.
1600 AP 9 40.21 3¼

2000 SAP 11 21.87 21%
2000 SAP is 34.98 11% min."2000 SAP 16 43.74 20%

Curvature in the path can only be caused by the forces that resist
the bomb a it I downward into the medium. Because the momentum
of the bomb Zeres with depth, a change in the curvature denotes
a change in the deviation and in the magnitude of the resisting forces.
it will be noted from Fg96and from the foregoig table that the
behavior of the arm r-pie and the se-daror-piecn bombs differs.
The curvature of the path of th armor-piereltn bomb fir increases, then
decreases with higher energies; whereas the curvature of the path of the
semi-armor-piereing bomb first decreases, then increaies, We conclude,
ther e. that the resisting forces are functions not only of the rock
propetie and of the depth of action, but also of the bomb shape.

Figures 97 and K show the paths of the two 2500 SAP bombs in
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granite. It will be noted that the curvature of Bomb 20, which was re-
leased from the higher altitude, is less than that of Bomb 19. The path
of the 25,000 SAP bomnbs is much more like that of the 1600 AP bomb
than the 2000 SAP. The slenderness ratios and the nose curvature of
the three types of bombs dropped at the granite site are:

Bomb Slenderness Ratio L/D Caliber Radius Head
25,000 SAP 5.75 1.56

1,600 AP 4.80 2.00
2,000 SAP 3.54 1.49

We conclude that the slenderness ratio is the bomb characteristic

that governs the curvature of the bomb path.

6--Damag, to the 1600 AP, 2000 SAP, and 25.000 SAP Bombs

Damage to the 1600 AP, 2000 SAP, and 25,000 SAP bombs striking

Yii
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rig. 100
Typical Condition of Cap and Base Plate of 20)00 SAP and 1600

AP Bombs After Impsct

rig, 101
IGO AP Bomb Releaud from 18,000 Ft Above Granite Sits
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Fig. 102
No" of 1600 AP Bomb Released from 18,000 Ft Above Granite Target

in granite was slight. The fins of the 1600 AP and 2000 SAP bombs were
knocked off and badly crumpled at the impact, but the fins of each
of the 25,000 SAP bombs remained attached to the bomb body for the
fall depth of penetration. The condition of the fins of 2,000 SAP Bomb
19, which was released at 18,000 feet over the target, Is shown in the,gre 99. Only random fragments of the fins of the 1000AP and 000 SAP bombs were found. Figure 100 shows th, condition of

the rear of Bomb 16, a 2000 SAP bomb, after impact. The cap and bosw
plate of all 2000 SAP and all 1600 AP bombs were found to be in a
condition similar to that of Bomb 16 regardless of the altitude of releae
and regardless of whether the impact occurred in '.anite or in sandstone.

The photograph, Fig. 101, shows the condition of the rear portion of
the body of Bomb 4, a 1600 AP bomb, releasea from 18.000 feet above the
target. The photograph was taken from the 6 o'clock position, and the
level rod is parallel to the line of flight. The scratches and the funsd scale
on the bomb body are on the footwall side of the bomb. The bomb has

i't
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I K

rPIS. 103
2000 SAP Bonb IS Showing Slight Gouging of Note

Altitude of Release 30,000 Ft

tilted sideways at right angles to the line of flight. Inspection shows that
the footwall, or bottom, of the bomb body rather than the hanging-wall,
or top, of the bomb body received the more severe abrasion. Where the
lugs are on the underneath, or footwall, side of the bomb body at impact,
as in Fig. I01, the lugs are sheared off. Where the lugs are on the top, or
hanging-wall, side of the bomb body at impact, they remain. (See Fig. 118.)

The photograph, Fig. 102, shows the nose of 1600 AP Bomb 6, released
from 18,000 feet above the target and striking a bare, unaltered granite
outcrop. The nose has not been blunted, even slightly, by the impact. Fig-
ture 103 shows the nose of 2000 SAP Bomb 16 which was released from
30,000 feet above the target. The nose has been gouged slightly, but the
depth of the gouge (V4 inch) is not excessive, and no visible indication of
rupture is apparent on the bomb body.

The photograph, Fig. 104, shows a crack that has formed in the bomb
body of 2,000 SAP Bomb 20, which was released from 26,000 feet above
the target. The base plate bolts were not loosened by the impact, but were
loosened manually in preparation for attaching a crane sling clip. Other
than the crack, no visible damage occurred, and the nose of the bomb was
in perfect shape.

TL_;'~~A .1', ",
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Crack in Body of 25,000 SAP Bomb 20
Altitude of Relew 20-000 .t
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PART D-PENETRATION TESTS IN DAKOTA SANDSTONE

SECTION I-TEST PROCEDURE

I-Detail Layout of the Sandstone Site

Figure 105 is an aerial photograph showing the target layout and the
pattern of access roads at the Putney Mesa sandstone site. The contrasting
background of the buff sandstone and the green trees made the four
marker areas stand out clearly and made it unnecessary to cover the
markers with pumice. A single bull's-eye target was used throughout the
bombing experiments. The outside diameter of the bull's-eye was 150 feet,
aind the diameter of the black center was 40 feet. Volcanic cinders were
used to mark the center, and pumice was used to mark the white circle.

The topography of the Dakota sandstone site was mapped on : scale
of I inch equals 40 feet, using a contour interval of 5 feet. The map .,as
tim-d as a base map for detailed geologic mapping, and is presented in
ri-du&•ed size as Fig. 106 and in full size in the appendix. The target surface
i% a gentle-dip slope, and the pattern of grid roads was laid out roughly
parallel to and at right angles to the strike of the beds. All bombing runs
were made from east to west. or in a direction approximately up the dip.
The toip)graphy in the central cleared area was mapped on a contour
mterval of I ftoot and is presented .n the appendix.

The. attitude of the joints in the Dakota sandstone within the target
arl., Is .1hown in Fig. 106. One set of joints predominates over the others.
This set is thought to coincide with the direction of maximum strain, and
mtiht'idual joints having this attitude are classed as longitudinal joints.

ro.ss Joints form at right angles to the longitudinal joints, and diagonal
.lnmi; form a conjugate system at 45 degrees to the longitudinal joints and
I he erows joints.

2-DescrI ofpte et She Ted@ is 11ana

Nine 10O0 AP bo~mbs. nine 2000 RAOP heals,, and twelve 200= G.P bombswe,.,e dropped at the sandstone site. The IW00 AP and the 2000 SAP bombs

were released at 9M00, 1,000. and 30.000 feet above the target. Liasentially
three bombs of each type were released from each of three different
altitudes. Because of clouds forming over the target it was necessary to
release one 2000 SAP bomb at 6700 feet rather than at 9200 feet The W000
(;P bombs were released at altitudes ranging Irom 30,000 feet to 7000 feet
above the target in an effort to determine the altitude at which rupture
begins.

FIgures 107 and 106 present in a tabular form the measurements takes
to determine the path, the depth of penetration, and the crater shape result-
ing frtw impact of each of the bombs dropped at the Putney Mesa sand.
stone site. The data sheet is in the same form. as that used for presenting
similar data for bombs dropped at the Paxton Springs granite site.

The crater maps and diagrams of bomh paths in sandstone were con-
structed in the same way as thane for the granite tests. The impact point
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was easier to determine in sandstone than in granite because a zone of
finely pulverized light-colored rock surrounded the path of the bomb, and
because fractures and cracks caused by the impact and penetration were
more symmetrical. The uniform lithology of the Dakota sandstone, the
more uniform thickness of the soil cover, and the absence of a weathered
zone of rock below the soil cover combined to make the dispersion of data
in sandstone less than that in the granite.

3-V•tlical Pmentratiam of 1I00 AP. 2000 SAP. and 2000 GP Bombe in
Dakota Sandstone

In Fig. 109 vertical penetration, Y. as recorded on the data sheets, Figs,
107 and 108, is plotted against impact energy for the 1606 AP bombs. the
2000 SAP bombs, and the 2000 GP bombs dropped during the experiments
at the Putney Mesa sandstone site. Just as in the presentation of the data
for the drops at the granite site, no attempt has been made to correct for
soil thickness, topography, obliquity. or geologic properties of tile rock.
Bombing in an up-dip direction at the granite site resulted in an angle ofimpact that was on the average about 4 degrees greater than the angle of
fall. An increase in the angle of impact resulted in an increase in the
depth of penetration.

Bomb 23, a 1000 AP bomb released from 18.000 feet above the target.
struck the side of a gully and peeled off a slab of rock instead of creating
a true crater. The depth of penetration of Bomb 23 is therefore less than
normal.

Bomb 31, a 2000 SAP bomb released from 30.000 feet above the target.
missed the target area completely and lit in a talus slope overlying a shalt-
member below the target surface. The bomb passed through the talus and
penetrated into shale, but did not encounter any sandstone. The depth of
penetration of Bomb 31 is. therefore, more than normal and shoird not

"- be considered as a drop in sandstone

1 JBombs 50. 46, 43. and 41, all 2000 GP bombs released frum altitude%
ranging from 7000 feet to 16,000 feet above the target, did not rupture
Bomb 50. which was released from 7000 feet, was the only ore of the fouu"that did not bulge or deform in some manner Bomb 48, which wa re-
leased from 8700 feet. missed the target area and struck in a gully where
the overburden was unusually thick. Perhaps the slight vertical penetra-

, I tion of Bomb 48 in rock and the lack of rupture are both explainable b)
the soil thickness Bomb 43, which was released from 14.000 feet. bulged
but did not rupture. Geologic conditions at the point of impact were
normal. Bomb 41, which was released from 16.000 feet, bulged more severe-
ly than did Bomb 43, but did not rupture.

4-Creaa Shae W 1sI1sud to Impact BEom

The crater maps in the appendix show the a ppaaetit anit! ihe tIivucraters for each bomb dropped at the sandstone sjte The distribtution of

flyrock and the shape of the ground ring are different in sandstone than in
granite In sandstone. less rock is thrown forward and more is thrown tie
the sides or to the rear The steeply dipping hmliitudinal joints in the
Dakota sandstone are more abundant than the cr,,s joints or the diagonal
joints and are aligned at right angles te tbh line of flight This alignment

At1
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has influenced the manner of rock failure, the shape of the crater, and
the distribution of flyrock.

The effect of impact energy upon crater shape is illustrated in Figs.
110, 111, and 112, which are photographs of plaster models of the craters
produced by armor-piercing, semi-armor-piercing, and general-pur
bombs in Dakota sandstone. Figure 110 shows the craters produced by
1600 AP Bombs 24, 22, and 28 released from 9200, 18,000, and 30,000 feet.
Figure I I I shows the craters produced by 2000 SAP Bombs 33 38, and 32
released from 9200, 18,000, and 30,000 feet. Figure 112 shows the craters
produced by 2000 GP Bombs 48, 39, and 46 released from 8700, 18,000, and

,00 feet.

In Fig. 113 the R/D ratio of the craters shown in Figs. 110, 111, and
112 are tabulated, and from the tabular data it may be observed that an
increase in the impact energy results in a smaller R/D ratio up to a certain
critical value of energy; any increase in energy beyond this critical value
results in an increase in the R/D ratio. This is equivalent to saying that
energy is more effective in broadening the crater than in increasing the
depth of penetration.

Kinreto Nnerp, R/D
DodPp. D Wser . ion ft-lb Ratio

1600 AP 24 18.2 1,13
1600o A 22 214.8 0.98 ain.
1600 A? 28 W0.1 1.05

2000 SAP 33 21.7 1.19

2000 SP 32 414.0 1.

2000 O? 48 23.2 2.27
2000 (W 39 37.0 1.:3 min.
20000 o146 52. 2.16

Fig. 113

Ratio of Crater Radius R to Crater Depth D for 1600 AP, 2000 SAP,
and 2000 OP Bombs In Dakota Sandstone

$-Pak a ipsa R e.lated to Impact Eaew

oThathshap comparable to the crater shape, of the 1000 AP,
GP bombs described in paeging raphs e

arranged in the same sequence and presented graphicallyn Pig. 114. It
can be seen from the figure that the path length increases up to a certain
"critical energy; then a further immediate increase in impact energy reaults
in a reduced rate of penetration and perhaps a reduced depth of pene-
tration. (See Analysis)
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The angle V is a measure of the curvature of the path and is sum-
marized as follows:

Bomb Type Bomb Number Impact Energy d ei degrees

1600 AP 24 18.2 2 3/4
1600 AP 22 24.8 14 1/2 wdform
1600 AP 28 140.1 18 1/2 increase

2000 SAP 33 21.7 6
2000 SAP 38 34.4 U 1/2 mx.
2000 SAP 32 44.o 7 1/4

2000 OP 48 23.2 23
2000 OP 39 37.0 1u /2
2000 OP 46 14.5 1 141/4

Fig. 114 A

Angle "V" as a Function of Impact Energy for Various Bombs

From the preceding table it is apparent that the paths of all three
types of bombs have different curvatures. The curvature of the 1600 AP j
bombs continually increases. The curvature of the 2000 SAP bombs rises dl

to a maximum, then decreases. Because of the rupture of GP Bombs 39
and 46 and because of the excessive soil thickness at the point of impact
of Bomb 48, no conclusions can be drawn regarding the path of the
general-purpose bombs.

The path of 1600 AP bombs in Navajo sandstone differs frcm that in
Zuni granite. It is thought that the continuous increase in the curvature
of the path of the 1600 AP bomb in sandstone indicates that the horizontal
component of the resisting force increases more rapidly with depth in
"sandstone than in granite.

$--Damage to 100J AP, 2000 SAP. and 2000 OP Bombs iu Dakota Sandstone

Damage to the 1600 AP and 2000 SAP bombs striking in sandstone
was slight. The fins were knocked off and badly crumpled at impact.
No distortion could be detected from measurements of the bomb body.
Gouging was less severe than in granite. Lugs were knocked off if they
were on the footwall side of the bomb at impact; otherwise they remained
on. The least damage to the lugs resulted when they were on the
hanging-wall side of the bomb at impact.

Figure 115 shows the condition of 1600 AP Bomb 28 released from
30,000 feet above the target. The nose has not been dented and the
bomb body shows no evidence of failure. The condition of the bomb is
typical of others of the same type regardless of the altitude of release.

Figure 116 shows the condition of 2000 SAP Bomb 30 released from
30,000 feet above the tarket. There is no evidence of deformation, but

47



Fig. 115
1600 AP lHomb 28 Released from 30,000 Ft Above the Sandstone Target

2000 5AP Bomb 30 Releasd trom 50,000 Ft Above the Sandstone Target
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as discussed in the metallurgical report, flowed-metal scale is present
on the nose and on the body of the bomb. The lugs were bent or broken.

Figure 117 shows the condition of 2000 GP Bombs 50, 49, 39, and 46
arranged in order of increasing height of release. Bomb 50 was released
from 7000 feet above the target and did not deform. Only one bomb
was released from this altitude, and it would be unwise to state definitely
that this is the critical altitude above which damage begins. However,
7000 feet is very close to the altitude at which deformation begins. The
first stage of deformation is the formation of a bulge where the curved
portion of the nose joins the straight portion of the bomb body, as shown
in Fig. 117 for Bomb 49, which was released at 8700 feet above the target.

The bulge in the nose is accompanied by a longitudinal split that
extends from the nose to the far end of the cylindrical portion of the
tomb body as shown in Fig. 118. Damage is not the same to all bombs
at a given altitude. In general, damage is less if the bomb rebounds
because of the obliquity at which it strikes. Bomb 43 bulged, but did not
split; it was released from 14,000 feet. Thus, it is rather difficult to
determine the exact altitude at which a particular stage of failure begins.

All general-purpose bombs released above 18,000 feet were ruptured
regardless of the topography or of any other variable. Bomb 39, Fig. 117, 4

"o i t . Ila

LongtudnalRupureAminoeatd with Bulge of Bomb Nosee
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released from 18,000 feet above the target shows how the bulge at the
nose of the bomb is compressed into a tight fold and how the longitudinal
split is extended to the rear and widened. As is shown in Fig. 119, little
of the filling remains in the bomb when it comes to rest. The effective
diameter of the bomb is greatly increased as a result of the development
of the bulge. The resistance to penetration increases as failure proceeds,
and the tendency to rebound increases as resistance to penetration in-
creases. All of the general-purpose bombs released from 14,000 feet or
above, with the exception of Bomb 43, rebounded and were found at some
distance from the crater. Bomb 43 turned around and started out.

All general-purpose bombs released from 30,000 feet ruptured into
several parts, rebounded from the crater, and were emptied of filling
material. Usually, the buckling of the nose was so severe that the nose
came off. Distortion along the longitudinal split sometimes controlled the
manner of failure of the bomb, as may be seen in Fig. 120.
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PART E-LABORATORY EXPERIMENTS AND STRESS ANALYSIS

SECTION I-MODEL BOMBING EXPERIMENTS

I-Introduction

Experiments were conducted in the Barodynamics Laboratory of the
Colorado School of Mines to investigate each of several properties of bombs
and each of several properties of the medium upon penetration. The
"experiments were conducted with a precision impossible in the field.
The number of "bomb drops" possible in the laboratory was much greater
than the number possible during the field experiments; and any given
property of the medium upon which the bombs were dropped in the lab-
oratory could be controlled, whereas such control of the rock at the target
site is impossible.

It was evident from the results of the field work that penetration of
a given type of bomb dropped from a given altitude upon a rock target
and particularly upon a granite target, varied greatly, depending upon
the physical and geologic properties of the rock at the point of impact and
upon the striking angle as influenced by the topography. It was evident
also after comparing the penetration of bombs in sandstone, which has an .
average compressive strength of 5015 pounds per square inch, with the
penetration in unweathered Zuni granite, which has an average compres-
sive strength of 24.565 pounds per square inch. that compressive strength
alone as determined by a simple compression test cannot be used as a
basis for predicting penetration.

"- Figure 121 is a photograph of the C.S.M. Impact Apparatus modified
for use in the model bombing experiments. The impact tup used in impact
toughness tests has been replaced by a plate into which model bombs of
various types are screwed. In the photograph, a 1600 AP model bomb has
been screwed into the plate. Models of 25,000 SAP, 2000 GP, and 2000 SAP
bombs are lying on the concrete base of the apparatus. A 3 x 3 x 5-inch
block of model material is securely clamped on the adjustable base in
position for bombing at zero degrees.

I • The striking velocity and kinetic energy are varied by changing the
height of release. The kinetic energy can also be varied by adding weights
to the beam. The weights are bolted to the top flange of the beamn sym-
metrically about the axes of the bomb. By various combinations of weights
and model bombs, it is possible to vary either the sectional density or
the sectional pressure of the various bombs at constant kinetic energy.
The angle of obliquity at which the bomb strikes the model material can
be adjusted by changing the angle of the platform upon which the model
rests, by means of a rack and pinion that are between the semicircular
steel plates visible in the photograph of the apparatus.

The tensile and compressive strengths of the model materials are
controlled by the proportions of the mix and are measured at the time of
impact using the techniques described in Part A, Section IV, "Physical
Rock Tests." A variation in the elastic properties of the medium is obtain-
able either by varying the proportions of the mix or by using various

[ _________________________
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nmfdul materials. The model materials used in the model bombing experi-
ments are water, sand, cement, Cal-Seal, Zonolite, and plaster.

Certain relations in the model studies are chosen arbitrarily. In the
C.S.M. experiments, a scale ratio of 20 to I was chosen, and the nature of
the apparatus is such that the acceleration of gravity is the same for model
and prototype. Dimensional similarity is obtained by controlling the
strength of the model material and by controlling the energy at which
the model bomb strikes the model material,

Assuming the strength ratio to be properly controlled through the use
of model materials of reduced strength, the kinetic energy ratio between
prototype and model equals the fourth power of the length ratio, or
160,000 to 1. Thus similarity of penetration between the field experiments
fer bombing with 1600 AP, 2000 SAP, and 2000 GP bombs between altitudes
of 10,000 feet and 30,000 feet is within the range of the laboratory equip-
ment and within the range of kinetic energies between 106 and 275 foot-
pounds.

In the special case where the strength ratio between model and proto-
type is unity, and either Zuni granite or Dakota sandstone is placed in the
impact loading device, the kinetic energy ratio between model and proto-
type equals the cube of the length ratio, or 8,000 to 1, but the density ratio
equals 20 to I and cannot be satisfied.

Obviously, there is little object in attempting to achieve dimensional"I ,~similarity in the laboratory unless all of the physical and elastic properties
of the model material can be controlled simultaneously, or unless that
particular property of the medium that controls penetration can be con-
trolled. We were of the opinion at the beginning of the laboratory work
that research has not progressed beyond the empirical stage, and that the
specific property of the medium that could be used as a penetration index
is unknown. Accordingly, the primary objective of the model bombing ex-
periments was to obtain evidence pointing towards the specific funda-
mental property of any material that can be used as a penetration index,
rather than to achieve dimensional similarity.

2---Conp•arson of Penetration of Various Bom p n

Tests were conducted to determine the depth of penetration of model
1600 AP, 2000 SAP, and 2000 GP bombs in a weak model material of con-
stant strength. The model bombs were constructed of steel to a scale ratio
of 20 to 1. The model material was composed of the following ingredients
by weight:

19.8 per cent Calseal

15.85 per cent Water

4.V5 per cent Fine Sand (--14 mesh)

49,50 per cent Coarse Sand (-8 to 1 14 meshl

After sufficient time had elapsed for the material to reach constant
strength (28 days), the compressive strength of test cylinders was found
to average 927 pounds per square inch and the tensile strength to average

.. 4
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151 pounds per square inch. The compressive strength ratio between the
average of the unweathered Zuni granite specimens and the model material
is 26.5 and the tensile strength ratio is 12.6 to 1.

Two preliminary test drops were made to determine the weight and
drop necessary to bury completely the nose of the model GP bomb, the
largest to be used in the tests. It was found that burial of the nose was
satisfactory when 160 pounds was added to the testing machine and when
the height of the drop measured at the center of gravity of the beam was
0.776 foot. This drop, the minimum allowable, corresponds to a kinetic
energy of 178 foot-pounds.

Using the 1600 AP, 2000 SAP, and 2000 GP model bombs, three drops
were made with each value of kinetic energy, and tests were made at three
values of kinetic energy for each bomb. For the SAP and GP bornbs the
ratios of kinetic energies were 1:3:5. The ratios for the AP bombs were
1:2:3.

Critical dimensions of the bcmbs are as follows:

Sectional Sectional
Dia., Area, Density, Pressure,
in. sq. in. lb/cu in. psi

1600 AP 0.700 0.385 563 501
2000 SAP 0.925 0.672 244 287
2000 GP 1.150 1.038 127 1,6

The sectional density is determined by

R- w

where

[) - sectional dcnsity, pounds per cubic inch
w - weight acting at the center of gravity of the

bomb, pounds

d - -. diameter of the bomb, inches

The sectional pressure equals

w

where

P - sectional pressure, pounds per square inch
w weight acting at the center of gravity of the

bomb, pounds

A cross-sectional area of bomb, square inches

The kinetic energy was held constant for each of the three types of

• , .4... .. ..... . ... 1

FA
• • •4



116 Bomb Penetration Project
Part E-Section I

bombs at 178 and at 534 foot-poun~ds. Becau:ie of the nature of the appa-
ratus, the weight acting at the ccnter of gravity of the AP, SAP, and G;P
bombs was constant for all prac'ical purposes. The maximum deviation
from constant weight equals the difference in weights of the 1600 AP model
bomb and the 2000 GP model bombs. This difference equals 0,44 pound,
When compared with 229.36 pounds, the weight of the free beam acting at
the center of gravity of the beam, the difference is negligible. At 178 foo.-
pour'Js and again at 534 foot-pounds the height of drop and striking
velocity of each of the three types of bombs were the same.

Accordingly. in a modified Petrie formula:

X -- KPS

where X - depth of penetration

P - the sectional pressure

K -= a constant depending upon the nature of the
material

S - a constant depending upon the striking velocity

K is constant because the same model material was used for all three
types of model bombs; and S is constant for the three types of bombs at
the same value of kinetic energy because of the manner in which the
experiment was conducted. Therefore, the depth of penetration at a given
value of kinetic energy would depend only upon P, the sectional pressure,
if the formula is valid within the range of the experimental data.

The laboratory results are shown graphically in Figure 122. In the
figure, penetration in inches is plotted against kinetic energy in foot-pounds
for each of the three types of model bombs. The sectional pressures of the
three types of bombs, the ratio of section pressures compared to a 2000
GP bomb, and the ratio of penetration at 178 and at 538 foot-pounds
compared to a 2000 GP bomb are as follows:

Sectional Ratio of Ratio of Ratio of
Bomb Pressure, Sectional Penetrations Penetrations

psi Pressures at 178 ft-lb at 538 ft-lb

1000 GP 186 1.000 1,000 1.000
2000 SAP 287 1.543 1.206 1.136
1600 AP 501 2.693 1.523 1.698

By inspection of tle tabular data it is apparent that the ratio of pene-
trations at either 178 foot-pounds or at 538 foot-pounds is not the same as
the corresponding ratio of sectional pressures. Inasmuch as the experiment
was conducted in such a manner that sectional pressure is the only var-
iable, we conclude that the modified Petrie formula is not valid within
the range of the laboratory experiments.

1 ___ ____
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3-Effec2 of Sectional Density and of Sectional Pressure Upon Penetration
at Constant Kinetic Energy

A second batch of Calseal model material having the followin . pro-
piortions by weight:

18.52-Calseal
12.80---Water

15.88-Fine Sand (-14 mesh)

52.80-Coarse Sand (--R to - 14 mesh)

was made. It was desired to experiment with a model material in which
the ratio of compressive strengths oif model and prototype closely ap-
proached the scale ratio of 20 to 1. The average compressive strvnt'th of
the model material proved to be 1:114 pounds per square inch ant the
strength ratio to be 18.7 to I.

The object of the experiment was to investigate further the relations
of sectional density and sectional pressure to penetration. The nature of
the impact apparatus is such that the sectional density or the section
pressure of a model bomb can be changed by adding or removing weightsS~from the top flange ,if the beam above the centerline of the model bomb.
The addition or removal of weights has the same effect as increasing or

decreasing the length of the mod.l bomb. 4)

In this experiment a model 1600 AP bomb was attached to the bomb
holdcr and its sectional diensity and section pressure were varied by adding
weights to the top flange of the beam. The kinetic energy was held con.
stant by decreasing the height of drop. Three drops at constant kinetic
energy (533.88 foot-pounds) were made at each of three values of sectional
density and sectional pressure. The re-ults are tabulated as follows:

w

Kinetic Sectional Sectional Average
Energy. Density, Pressure, Penetration,

* ft.lb lb cu in, psi in.

533188 357 :31b 1.37
533,98 620 553 1.40
%33.88 1027 916 1.39

It may be ween from the above results that penetration is independent
imith of sectional den'ulty and of sectional presaure and within all practical
limits of measurement is constant at a xi"en value of kinetic energy.

We concluded frisn the section "Comparison of Penetration of Various

lIombs" that penetration does not depend upon sectional pressure only,
and we conclude from these experiments that penetration is independent

'I both of sectional density and sectional pressure at constant kinetic energy.
Yet, we know that the penetration of different types of bombs at a given
value of kinetic energy In different. The smaller diameter bomb penetrates

iIr
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deeper, and the depth of penetration is not a simple function at any given
value of kinetic energy of the ratios of the cross-sectional areas of the
bombs.

4-Effect of Compressive Strength Upon Penetration

All of the various available penetration formulas include a constant
to represent a material factor or a factor to represent some function of the
compressive strength of the material, The results of penetration of bombs
into Zuni granite and Dakota sandstone cast considerable doubt upon the
use of a constant for a material factor and upon the use of the simple com-
pressive strength of a material as a penetration index. In the following
experiments the relations between simple compressive strength, simple
tensile strength, and penetration are investigated.

A seties of mixtures of cement and Zonolite, a commercial insulating
substance used in making light-weight concrete for floors and roof decks,
was prepared. Portland cement and 14-inch Zonolite in various propor-
tions were mixed, using a water-cement ratio of 0.38. After 28 days, when
the mixes had reached constant strength, the tensile strength, compressive
strength, and the sclerescope hardness of each of the mixes was deter-
mined. The results are as follows:

Tensile Compressive
Ratio Sclerescope Strength, Strength,

Cement Zonolite Hardness psi psi
1 0 18 404 3410
1 1 7 275 1357
1 3 4.7 104 631
1 5 3.3 68 283

Penetration tests were conducted using each of the four mixtures, and
using a model 2000 SAP bomb at a sectional density of 154 pounds per
cubic inch. Kinetic energy is the independent variable. Three drops were
"made -it the same value of kinetic energy for each mix. Drops were made
at four values of kinetic energy for each mix except the weakest mix. In

* Figure 123 the depth of penetration is plotted against kinetic energy for
each of the four mixes. In Figures 124 and 125 penetration is plotted on
logarithmic cross-section paper against the tensile and against the com-
pressive strength. It may 1.3 observed that the slope of the lines is not
constant, but the curves are concave upward in some regions and concave
downward in other regions.

The argument that either the compressive strength or the tensile
strength of a material is not a true index of penetration is supported by
an experiment in which test specimens were constructed using a mix-
ture of

18.5 per cent Calseal

12.8 per cent Waier
68.7 per cent Sand (-16 to -1 50 mesh)

Tests with model AP, SAP, and GP bemhs at a constant sectional



PENETRATION vs. KINETIC ENERGY

CEMENT-ZONOLITE MIXES
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density of 200.9 pounds per cubic inch and a constant volot ,f kinetic
energy of 112 foot-pounds were commenced as soon as the mixture reached
a compressive strength of 693 pounds per square inch and wecr continued
until the blocks reached a constant strength.

Results are plotted in Figure 126 in the order of increasing compressive
strengths. The curves show that penetration of each of the three types of
model bombs decreases abruptly at first and then with a further increase
in compressive strenkth the penetration of all three types of bombs
increases. Inasmuch as the curves for all three types of bombs follow the
same form and inasmuch as both the sectional density of the various
bombs and the kinetic energy were held constant, the value of compressive
strength as a penetration index is doubtful.

By plotting penetration against time rather than against compressive
strength, smooth curves result. The time lag between 770 and 790 pounds
per square inch is considerable, and that lag accounts for the abrupt
decrease in penetration. It appears, therefore, that some physical or elastic
property of the material other than compressive strength should be em-
ployed as a penetration index.

5-Variation of Penetration with Kinetic E orgy

Laboratory experiments were designed to determine, if possible, the
relations between penetration and kinetic energy in a model material of
constant strength and constant elastic properties. It was recognized that
the particular physical or elastic property to be used as a penetration index
was unknown, but that whatever the index was, there must be some rela-
tion between it and the depth of penetration at various values of kinetic
energy.

The first experiment was conducted using a mixture of

18.52 per cent Calseal

12.80 per cent Water

52.80 per cent Coarse Sand V-8 to ý 14 mesh)

15.88 per cent Fine Sand (-14 mesh)

Tests were conducted after the mixture reached a constant compres-
sive strength of 1054 pounds per square inch using a model 2000 SAP bomb
at a sectional density of 154 pounds per cubic inch. The tests were extended
into deeper penetrations, but in order to do so it was necessary to increase
the sectional density with the same type of bomb and to use a model
mixture of 926 pounds per square inch compressive strength.

The results of the experiment and the change in sectional density and
model strength in the higher ranges of kinetic energy are plotted on the
graph, Fig. 127.

From the data it is evident that the equation expressing the relation

, ".1.
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between penetration and kinetic energy is no t a straight-line function ofthe form

.-=KE .. P

where,

Pl,=penetration at KE1

P =openetration at KE r

KE, =low value of kinetic energy
KZ., =high value of kinetic energy

The dip in the curve originally was thought to coincide with the
change from partial to complete burial of the nose of the bomb. The change
in slope of the curve below 400 foot-pounds and above 525 foot-pounds was
thought to be due to a difference in the penetration index of the model
material.

The next experiment was conducted using molding plaster rather than
a Calseal-sand mixture and was designed to investigate the relation be-
tween penetration and kinetic energy with SAP and AP model bombs
in the region of penetration beyond complete burial of the nose. The
molding laster was composed of two parts of plaster to one of water by
volume. The cast blocks were air dried at room temperature for fourweeks before being used. At the time of the experiment, the compressive

"strength of the molding plaster was found to be 1418 pounds p;r square
inch, and the sclerescope hardness of the plaster to be 5. Strain gauges
were attached to test cylinders of the plaster, and Young's modulus and
Poisson's ratio were measured in the manner described under "Physical
Rock Tests." The impact toughness of the plaster also was measured and
found to average 13.59 foot-pounds per square inch.

- •The procedure for the test consisted of making three individual drops
at each value of kinetic energy and averaging the depth of penetration ofthe three drops for various values of kinetic energy ranging from 450
"foot-pounds to 790 foot-pounds. Model SAP bombs and model AP bombs

were tested at sectional densities of 308 and 522 pounds per cubic inch.

Figures 128 and 129 are photographs of the model blocks after impact.
The manner of failure is similar to that observed in the field.

The graphs, Fig. 130, show the relation between penetration and
kinetic energy for each of the two types of model bombs. It may beobserved from the graph for the AP model bomb that in the region from

550 to 650 foot-pounds the depth of penetration remains nearly constant.
This same effect was observed between 30 million and 40 million foot-
pounds in the field. The rates of Increase of penetration with increasing
kinetic energy before and after the period of nearly constant penetration

S! are essentially the same.

The region in which the penetration remains constant for a model
SAP bomb is from 625 to 7,50 foot-pounds kinetic energy. The period of

I I
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colnstant penetration for an SAP bomb occurs at a larger value of kinetic
energy and persists over a larger span of kinetic energies than for an AP
hotnih. This sante effect was observed also in the field.

Figure 131 is a graph showing values of Young's modulus and Poisson's
ratio as computed from the results of strain measurements on the plastic
model material. Poisson's ratio increases from a minimum of 0.1 to a
m'aximum of 0)225. Young's modulus increases to a maximumtn of 1.19 %O 10.
pounds per square inch. The range of values does not differ greatly from
the range of values for unweathered Zuni granite, and the shape of the
penetration curves for AP and SAP bombs in granite (Fig. 90) and for AP
and SAP bombs in sandstone (Fig. 109) is remarkably similar to the curves
plotted from the laboratory data (Fig. 130).

6-Variation of Penetration with Angle of Impact

This experiment was designed to study the effect of the angle of
impact upo)n the depth of penetration of the 1600 AP and the 2000 SAP
model bombs. The angle of impact was varied by tilting the model confin-
ing the mechanism. The material penetrated was a molding plaster con-
sisting of I part water to 2 parts plaster. Penetration tests were made at
14 days. at which time the compressive strength of the plaster was 2145
pounds per square inch and the tensile strength was 351 pounds per square
inch. Strain measurements were taken to determine Young's modulus and
Poisson's ratio.

Drops were made at constant kinetic energy of 500 foot-pounds and
(constant sectional density of 308 pounds per cubic inch for both bombs so
that compnarable results could be obtained. These values were selected
witbin the range of former tests in order that a correlation could be made
if found desirable. Three drops were made with each model bomb at 90
degrees, 75 degrees, 60 degrees, and 45 degrees and the average normal
penetration computed from the inclined penetration. The testing machine
is designed to hold the model bombs rigidly, and therefore does not permit
curvature of the bomb path, which would result with a free-falling body."The tendency of the bomb to curve was sufficiently great at a 45-degree
angle of impact to cause the 1600 AP model bomb to fail at the thieads.

The results are presented graphically in Fig. 132. The solid line for
each bomb shows the variation in the depth of computed normal penetra-
tion with a decrease in the angle of impact. The dashed line is the the-
oretical penetration. The theoretical penetration equals the normal pene-
tration at zero degrees obliquity, or 90-degree angle of impact, multiplied
by the sine of the actual angle of impact.

It may be observed from Fig. 132 that penetration falls below the
theoretical from 90 degrees to 75 degrees, but tends to increase as the
angle of impact is further decreased to 60 degrees. After 60 degrees a
readjustment causes the true penetr-ation to trend parallel to the the-
oretici, but to remain greater than the theoretical. The relations are
similar for both bombs. Probably the shape of the solid line would be less
angular if penetration were measured for, say, 5-degree changes in angle
of impact rather than 15-degree changes.

A possible explanation of the increased penetration between a 75-

T- Mi 7 IV MO r V
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degree and 60-degree angle of impact is that the manner of rock failure
may be different because of a difference in the stress distribution in the
medium. Whether or not the increased penetration would have occurred
if the model bomb had not been fastened rigidly to the striking tup is
unknown.
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SECTION H-STRESS-COAT EXPERIMENTS

I-Introduction

A novel technique useful in the study of failure of materials under
impact loads, was developed by George Hesselbacher, Jr.' in the Baro-
dynamics Laboratory of the Colorado School of Mines. Hesselbacher's
experiments, though of a preliminary nature, demonstrated that one of
the directions of principal stress can be determined quickly by use of
his apparatus and techniques. The use of brittle coatings for the indication
of strains within the elastic range was first reported by Dietrich and
Lehr of Germany in 1932. The use of brittle coatings to determine quar.-
titative values was begun at the Massachusetts Institute of Technology inS~1937.
SA superior brittle coating material developed in the UnitedStates

and marketed under the trade name "Stress-coat" has the property of
fracturing at low values of tensile strain in a direction perpendicular to
the direction of principal tensile stress in the area of the crack. At larger
values of strain, stress-eoat will also flake off in a manner similar to the
flaking of mill scale on steel. According to deForest, Ellis, and Stern2 the
flaking occurs In the initial yield region of most metals and correlates
directly with the amount of compressive strain produced.

"The objectives of the present study were 1) to determine the direction
of principal stress in the medium caused by impact of a model bomb at
various angle of obliquity, 2) to determine the effect of various depths of
penetration and of various types of bombs upon the stress distribution,
and 3) to obtain experimental data useful in analyzing the field results of
the Bomb Penetration Project.

Figure 133 is a photogaph of the Hemselbacher apparatus. It consists
of an aluminum beam which is pivoted at one end and to which a striker,
"or tup, is bolted at the point of impact; curved angle irons which function
as supports to position the beam at various heights of drop; and a steel
frame within a concrete base which holds and provides lateral support for
the model. In the photograph a stress-coated, two-dimensional model rep-
resenting a vertical slice of the medium is held in position and laterally
confined with steel wedges, and a two-dimensiona scale model of the

* !medium machined to correspond with complete nose penetration.

Two types of model materials were used in these experiments-allite
or Columbia Resin, CR-49, a photoelastic material, and 0.25-in.-thick 2430
Alclad aluminum alloy sheet. The allite model material is the more sensi-
tive and is used when the region of compression spalling is being studied.
The aluminum alloy model material is preferable in studying the region
of tension cracking, particularly for high values of kinetic energy.

Straight surfaces of the model material were prepared with a milling
machine, and curved surfaces were prepared with a jig-saw and a file
attachment on the jig-saw. The surfaces of the model material and of a

'P"s• ,a V ... A . i. d .m of Is s....amgo t, iv.,.
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calibration strip were then cleaned thoroughly with thinners ST-1 or
ST-2. An undercoating and a strain-indicating coating were then applied
to the model and to the calibration strip.

In all experiments the flaking sensitivity of the brittle coating used
was 0.018 inch per inch, and the threshold value for tension cracking was
0.0008 inch per inch.

Fig. 133
Hosselbacher Apparatus for Determining Dynamic Strain

Patterns in Stress-Coat

"--Summary of ExZperbmntal feculls--Alumxaim Alley Models

2a-Areas of Equal Strain

Impact tests were conducted with aluminum models of 1600 AP, 2000
GP, and 25,000 SAP bombs at 0-degree obliquity and at a depth of penetra-
tion equal to three-fourths the length of the bomb and for values of kinetic
energy of 16 ft-lb, 30 ft-lb, 52 ft-lb, and 97 ft-lb. At 97 ft-lb the aluminum
bomb models bent under the impact. For this reason the higher values,
although suitable for determining the stress trajectories, were not used to
obtain comparative or quantitative data.

Figure 134 is a photograph of the crack pattern produced by impact
loading of a model of a 25,000 SAP bomb. The random cracks are drying
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cracks and have no significance. The cracks radiating from the nose and
the sides of the bomb were produced by successive impacts of 16 ft-lb and
.2 ft-lb. The limits of cracking for an impact load of 16 ft-lb are marked
by the dotted lines. The ends of the cracks and the expansion of the area
of cracking resulting from the greater impact load are apparent.

Figure 135 is a photograph of the crack pattern resulting from suc-
cessive impact loads of 16, 30, 52, and 97 ft-lb on a model of a 1600 AP
bomb. The elliptical lines were scribed on the brittle coating at the ends
of the cracks after each successive impact. The scribed lines thus mark
the locus of points where the strain in the brittle lacquer equals the cali-
bration strain value of 0.0008 inch per inch for each specific drop.

The areas within the scribed lines (iso-entatics) indicate the region
where the strain exceeded the calibration strain value. Since strain and
stress are related, the respective areas are a measure of the depth and
volume of rock within which the magnitude of the principtl stress is not
less than a fixed constant value.

The areas affected by tension cracking and the depth of the tension
zone for each of the models of types of bombs used in the field work have
been converted to units of feet and are as shown in Fig. 136 for various
values of kinetic energy.

Area-Sqar Feet Depth, Feet

1600 2000 2000 25,000 1600 2000 2000 25,000
Ft.-ab AP SAP OP SOP APD SAP OP SAP

-16 - -213 6.o o.42 - o.92 2.10
30 2.09 2.Wo 7.08 - .I 108 1.99 -

52 4.20 3.66 9:49 1i.70 194 .1.22 2.27 4.55

97 10.75 15.75 13.140 - 2.70 3.11 2.84 -

Fig. 138
Depth and Areas of Equal Minimum Tensile Strain

Beeause of the necessity of reducing the scale of the 25,000 SAP bombs
comre to the three other types, it seem unwise to eompare quantita-
"tively results of the 25,000 SAP-bomb with those of the other three types.
The tabular values of Fig. 136 are presented graphically in Fig. 137.

lb--tress Trajectories

The tension eracks in the brittle lacquer coating form in a direction
perpendicular to the direction of principal tensile streas, and thus are
parallel to the direction of maximum principal stress. The direction of
minimum principal str'e is at right angles to the direction of maximum
principal stress. Therefore, it is possible to determine the stress trajectories
of both the maximum and minimum principal stresses from the tenslbn
cracks in the brittle lacquer.
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Figure 138 was constructed using the strain patterns at the highest

value of kinetic energy availabl' from the laboratory tests on scale models

of . 0 AP, 2000 Sa P, 2000 GP, and 25,000 SAP bombs. The following

features may be observed from the figure-

1) The direction of naximurn principal stress in the medium is per-

pendicular to the surface of the bomb nose at the point of contact between

the bomb and the medium.

2) The maximum principal stress trajectories curve towards a direc-

tion parallel to the axis of the bomb; and the rate at which the curvature

changes is more rapid for the sharp-nose than for the blunt-nose bombs.

3) The region in the medium from the tip of the bomb nose to the

juncture of the nose and the cylindrical portion of the bomb body is the

region of stress, whereas little stress develops in the portion of the medium

in contact with the cylindrical sides of the bomb.

4) The least principal stress trajectories are curved surfaces somewhat

concentric about the nose of the bomb and might be thought of as a

"shock front," as a "wave front," or as "flow lines."

rig. In
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"S-Summary of Experimental Remult--AllUt. Mode"s

3a-Area of Compression Spalling--0-Degree Angle'of Impact

Allite models coated with Stress-coat are particularly sensitive to
flaking at low values of kinetic enarg in dynamic loadn. With the type

ese xpriments, Its of the area coincide
withastrain of 0.01 nch per inch. The area and the depth of flaking
increase with the kinetic energy, but differ for each type of bomb.

In the first series of experiments with Stress-coated allite models,
the area and depth of flaking were measured at various values of kinetic
energy for 0-degree obliquity and for surface contact between an &Rite

model and an allite bomb model. Figure 139 shows the area of
flaking at the nose of a model of a GP bomb and in the ground below the
bomb at 1.8 ft-lb.

The area and depth of the zone of flaking converted to units of feet
using the scale ratio of the bomb model to the bomb prototype are pre-
sentod graphically in Fig. 140. In the same figure the depth and areas of
spalling in the ground model after penetration of the same type of bomb
into the medium a distance equal to half the length of the bomb is also
shown.

T shapes of the curves at aero penetration and at one-half penetra-
tion are similar, but the depths and areas of flaking are less at halfpne- pU
tratlon than at zero penetration. The difference in the depth of flakifn is
constant for the three values of kinetic energy and equals 0375 feet. The
difference in the area of flaking equals the square 6f the difference in
depth, or 0.1406 square feet.

. A possible explanation for the decrease In depth and area of flakli
at inceaused penetation ia that the energy absorptio of the groud oe

Swith the volume of material surroundg the eergy source. In
• two-dimensional model the absorption of energy by the medium would
be.proportiol to the area of matel urrodi te ergy source. At
halfpenera.tion, the area of mateal surrounding the eergysource Isi" greater than at zero penetration and Is approx/mately equal to

hA.=SAt -A.
Where,

Av=energy absorption area at half penetration
A, A energy absorption ares at aro penetration

A. ares of the model bomb.
At surface Inpat the are of the spelled sone Is Itof the

U and dpends only upon th kinetic energ

upntestriking angle of the bimb relative to the surfac. Figur 141 ia 'Zitagraph of a model of a SMO WA bomb at M4egme _ _ - ty @an atsufaem contact with the gromad. model. The sae of fAking t Manetienergies of 0A ftl and ISe ft-lb and the crack pttern beyond the sner
pattern records the dissctosa of maximum principal strms in the medium.
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At surface impact and at 0-degree obliquity the depth and area of
flaking are independent of the bomb type. Both the depth and the area of
the spelled zone decrease an the obliquity Intreases. The effect of nose
shape upon the rate of decrease of the depth and area of the spelled zone
has not been studied. Figure 142 is a graph that shows the variation in the
depth of the spelled zone at a constant angle of impact of 65 degrees and at
various values of kinetic energy.

At the bottom of Fig. 142, the variation in the depth of the spelled zone
for angles of impact rangitng from 90 do' to. W derees is. shown, It,•
will be noted that the depth of the epa zon changes abruptly between
80 degrees and 70 ielgrees at 1 foot-pound kinetic energy and between 80
degrees and-75 degrees at 2 foot-pounds. In the model bombing expert-
ments (see Part E, Section I, item 6) it was noted in connection with the .-
penetration of model' AP -and model SAP bombs into plaster that at 75
degrees and tt 500 foot-pounds, penetration characteristics chan ed abrupt-
ly also, but that the change was possibly due to a difference in the manner
of rock failure.

A possible explanation of the abrupt decrease in the depth of the
spelled zone below an angle of impact of Sp degrees in the Stress-coated
allite models may be that at zero penetration, sliding beg at 80 degrees
and the impact energy is absorbed over a broader ase and during a greater

,period of time.

SWhen the depths and areas of the spelled zones at zero penetration of
a 2000 SAP bomb at 65 degrees and at various values of kinetic energy ae
compared with those of a 2000 GP bomb at 0 degrees (Fig. 140) It iappar-
ent that the shape of the nose has had little efft for the depth e
spelled zone of the model of the 2000 OP bomb at 90 degrees ian be oh.

- tWined as follows:

where,

dj=depth of spelled zone of OP bomb at 90-degree impact

ds=depth of spelled zone of SAP bomb at 65-deoge impact

F =obliquity factor for SAP bombs or the ratio of the depth of
F spallir at 6 dgres to that at 90 degrees with an SAP bomb.

3b--Area of Compression Spelling at Various Angles of Impact

The effect of varying the angl, of impact at constant kinetic energy
upon the stress distribution in the medium can be illustrated by a compari-
son of the photographs, Figs. 141 and4 144. The calibration Wtain value of
both specimen was the same; thus the stm distribution may be com.-
pared qualitatively by cam the strain patterns. In Fig. 148 the angle

.144 it ts 90 degree. In oth instansid impact isd essdthe am s a da of a MSA bomb wa buried in the•ground moe
+ a fthwe eq to thA gth ad the anme at the Instant of impact. The

measurd normal to the lower edge of the specimen were the sume.bm
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Both specimens split, and the direction of the split coincided with the
crack pattern in the brittle lacquer. It is known that tho crack pattern
indicates the direction of lines of maximum principal stress. The crack
pattern in both models below the tip of the bomb is symmetrical about
the axis of the bomb. The horizontal cracks in Fig. 144 were caused by
clamps used to confine the specimen in the impact-loading device and may
be ignored in making the comparison.

The depth of the spelled area at normal penetration is somewhat
deeper than at 65 degrees. The length of the cracks normal to the bomb
nose and above the spalled area is greater at normal penetration than at
65 degrees. Cracks develop at the surface of the ground model for normal
penetration and dip inward toward the bomb nose. Although the crack
pattern at the surface is not symmetrical, the lack of symmetry is thought
to be due to a slight eccentricity in the application of the impact load. At 65
degrees one inward-dipping crack formed on the hanging-wall side near
the bosub and a few short cracks are visible in the model but not in the
photograph. No cracks are present on the footwall side.

A possible explanation of the difference in the stress distribution is
similar to that previously given as a possible explanation of the decrease
in the size of the spalled zone at increased depths of petrefthm. That is,
the energy-absorbing area, measured as circular-she surface whose
center is at the point of impact, differs on two sides of tbomb. The side
of the bomb havng the greater energy-absorbing area will exhibit fewer
cracks and low spalling than the side of the bomb having the lessr energy-
absorbing area.
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SECTION III-STRESSES AND DISPLACEMENTS PRODUCED
IN A SEMI-INFINITE SOLID BY A CONCENTRATED FORCE

AT THE SURFACE

By W. I. Jurney

I-Introduction

The results pro'serited in this report are derived from the classical
theory of elasticity as treated by Boussinesq. Cerrutti, and others in cor?-
nection with the problemi of determining displacements and stresses in a
semi-infinite solid bounded by a plane surface, subjected to various types
and comtoinations of types of loading and displacement. The report is an

outrieof esutsrather than a comnplete presentation that includes the
derivations of 'he equation used.

The procediure followed here has been to start with known displace-
ments of a type possible in a continuous body and to compute stresses by
mneans of the stress-strain relations of elasticity (Hooke's Law). For a
complete statement of the theory, which cannot be presented here, qreader
who desires additional theory is referred to th standard wot ks of
Lovwe' and of Timoshenko".

2-Notation

'lThe notation is that uised by 'rimfoshenko", and is summarized as
follows.

rý=normal stress ini the x direction

s:normal stress in they direction

-,,normal stress in the z direction

T,-shear stress parallel to x and perpendicular to y

r_ _s~hear stress parallel to x and perpendicular to z

T_',- shear stress parallel toy and perpendicular to x

ag -.-maximum algebraic principal stress

,,-~intermediate algebraic principal stress

j .~minimum algebraic principal stress.

u, v, w, =displacements in the x, y, and z directions retipectively

a =zshear modulus

m z--zPoisson's ratio

As=Lame"s constant

- it) Lee-4 A . 1.H., Th. Mathe O.1..l. Th60.y of tI...,ielt, a&,ed
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E---Young's modulus
,.,,,-direct strain

:shearing strain in pl',nes xy (horizontal), xz ( erticall
and yz (vertical) respectively

t• t, I- ,,or unit volume expansion or contraction

r--- + ,.-t ,distance from origin to points having
rectangular coordinates (x,y,z)

3-Stre* and Coordimlae Conventions
Figure 145 shows the attitude of the x, y, and z axes and the direction

of the force R and of its horizontal component H and its vertical com-
ponent V relative to the reference axes. The xy plane is horizontal and is
the boundary plane of the semi-infinite solid being considered. The origin
of coordinates is the intersection of the horizontal plane xy and the twý)
vertical planes xz and yz. The positive directions are to the right in the
direction of H, and downward in the direction of V. Tension is taken as a
positive direct stress, and compression as a negative direct stress.

The shear convention is illustrated in Fig. !45. The direction of a
positive shear compontnt acting in any plane coincides with the positive
axial direction if the normal positive (tensile) stress acts in the correspond-
ing positive axial direction. A negative shear component acts in the oppo-
site direction relative to the normal stress and the positive axial direction.
A shearing stress in the x direction lying in a plane perpendicular to the y
"axis is denoted by T•,, A normal stress in the x direction across a plant,"perpendicular to the x axis is denoted by ,,. The six shearing .ttres.-es art,
equal in pairs acting in opposite directions on parallel planes.

4-The Problem

The solutions given are due to Boussinesq and Cerruttil and were
"computed from displacements given by Love. The procedure for determin-
ing principal stresses and principal stress direction was adopted from
methods given by Timoshenko.

The problem is divided into two parts, the first dealing with stiesses
and displacements for the vertical component V of the force R, the second
dealing with stresses and displacements for the horizontal component H.
[a Fig. 145 4 is the acute angle between the force R and the xy plane.
Therefore, V -- Rsin 6 and H R R cos 0.

5-Strose-Strain Relation

Following are classical stress-strain relations of elasticity expressing
Hooke's Law in a continuous, homogeneous, isotropic body:

Ae
(,, AC -- 2 ( (11

4; to", A. 1. 14., o tit !.p. IV
4 ld#.., P. 243.
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T 0Tex " )"Xz (3)

T -w ~ w )FyZ (4)

e . - + (5)
du a

e x -. £y~ - (6)

Jv au du aiw aO d

*Relations; between elastic constants, that are useful in the calculations
a re:

- (9)

2 Fh-ýU(10)

S-D)isplacemnents and Stresses

Following are sum~marized the displacement and stre-zq'p resulting
- from tile vertical component V of the inclined force R acting at the -surface

of thle solnid

Ux

47 -C+irZ.r) (12)

- r2 z-3x2z (rZ~2_z2izr) -x 2 r 1 34
ex 4w L~ T.w~) ~
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aY 4" T~r (X+,i)r 3 (z+r)j

Lu V [ 2II. ]

a' 4iE -u (16)

av .!2V xyr~xy(s~r)

8V _ V% FL~t'i (17)~(sr~

V (19)

cBy 4~'R XA)r(21)

O.i IA r~~~ 3y,&2 a~ L (12)

Ow : 2(20~)

Fz -2 -1 (21 )

Ow V ILZ¶l4 -s.( 'L (22 )

(23)

4 (24)

cy. - -6.5+
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0-Y4 -r3(r
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fol oWn arev sun imar ized the d ispi .icemnwts an[d st lesses Ttv nit inf!
froyn the horizontal component It of the force, H. acting at the surf wce of
the solid [2x ~~~~)I (0

H F2 (X2 X2~~ (30)

z (33)

3u Ir2x .3 x .LZxr2l3(z~ri-,x3rl

du H ~r3y-&! x(J~~l
TY -r2,.rx3y (35)

du H z+x - 2(r ur(z-2r) (6

Jz 41t x(36)

av __ ~ -[ 3x25 (rIu- a)3(ztr) 2rxj

u: 41t (X+.u)r3%-

J 41t 5 (1\+.3)

* (U~r3(s.

47 1P ,.,u)r (S+r

dw r~x 3x,
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ZX 4% xljrrY 46

I 3(- H 2~ _AU -ýr

-XS F-6x~ (47?)
4+71 Lr 5 .FJ

Y a T A(48)

7-Principal Stream.,s and Directions

Consider a tetrahedral element of' volume in a solid O-BCD as shown
in Fig. 146 (a), 1et A be area of face BCD; then the areas of ODC, OBD, and
013C arc Am, Al, and An respectively, where 1, m, and n are the direction
cosinesi(, a normal to plane BCD. The origin is taken at one vertex of the
tetrahedron merely to indicate axial directions conveniently. If X. Y, Z
are the x, y, z components of the stress N acting across the face BCD, then
the following relations result by writing equilibrium conditions for the
forces acting on the element:

AY-.Amar. -t AIT,,-4-AnT,, (0

or dividing out A,

X=I,,,+mT, +n T., (52)

Yý=i,,,4+IT_. +-nT,, (53)

The relations are only approxiniatel 'v true as written for the finite
tetrahedron but become exact relations between the stresses at a point asn
the volume (if the element approaches zero.

If BCI) is a plane of principal stress, then N, the normal stress acting
across the plane, becomes S, the principal stress; that is, 1. m, atid n are
direction cosines of a d~irection of principal stress. In this case

X -~ SI, Y - Sm, and Z r-Sn, and the above relations become

(S r.,)ni ITl,, f i T,, ('G

These are the fundamental equatlon'. for determining principal stresses
and principal stress directions.
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A special cast- of these equations is sufficient for the present investiga-
tion of the stress systemn discussed. For Y -- 0, T., and T_, both vaniqh;
hence Y = 0 is a principal plane and .~,, is a principal stress. It turns out
that ,, equals , 2 (the intermediate prinicipal stress) and is therefore of
no interest here, for the evaluation of the magnitudes and directions of

',and err. is primary importance. Since a, is otne principal stress, ,, and
113 act in the xz plane, and for either direction m 0. This leads to the
special case:

* (B-e,)n-T.,=0 (9

where S is either ,r, or 03,.

The last equations can readily be solved for S:

S-J,~.i~~r,)± ~(60)

w"here .,, is obtained if the positive sign is used, 03 if the neytitive sign

is used.

Furthermore ifa,r is substituted in the fundamental equations, I
-4 T- ~(1

* ~~and since .. . ,is po,4itive, I and n have the same, signs foi positive shear
T..; otherwise they have opposite signs. This leads to a rule for choosingjd
the direction of .a,: "In aliy case take I as poq4itive and use the acute angle
whose cosine is I from the x axis to the direction of .,, positive if T_. is
positive, negative if T_, is negative." Figure 146 (b) shows tte reason for
the rule.

The method of computing .,, and a nd their directions from the above
equations is as follows. Evaluate

+ -I~*, , and (Qi)

* j.By addition and subtraction, *r1 and .,-, are then obtaine'l. Nexi 12=

Sis computed and the acute angia given the diroction of IT;. The

*direction of r., in the xz plane is then determined as perpendicular to that

U-Harlsoulal and Vorticall Conpomsal Stroc) t~

determine the horizontal and vertical components of stress y .ý: 0. The fol-
*lowing results are obtained by substituting y ==0 in the stresses, discuzued

under "Displacements and Stresses." (x r. Sin 0, z r. Coo 0)

-ý
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Vertical Component:

J r[-6son2l Coppo (64)

r.2 T5  V 4[_6 Sin., CO2 0) (65)

47tt

r2 V [ al 0]t(66)

X Go 0 Cs 20(67)

Horizontal Component:

r.2 - 6lo S"n Coe (7)

r.2N% [-6 Svia go*%] p (72)

Taoles bo ,asued upoaslutioonsogisenprevioul o er comutd orth

Cam. Il--A vertical force applied as in Case I except for an assumed
; ~value of Poisson's ratio of 0.35.

4 Cern IllI--A fo rce inclined at (ii degrees to the surfface of the semi-
infinite solid for an assumed value Jf Poisson's ratio f 0.2,5.

i', .

2z2( 2K1 o 1 (4
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Case IV An inclined force at 61) degrees as in Case Ill except for an
, S'ilt(I value l"of Poisson's iatio of 0.35.

Sto..'.sts are given in iahnlai form in Fi,. 147 for Case I n dirriension-
"s forni as. flndlion, of o, the angle bet%,l wri The puisiti% - w-rtical '/ axi,

and the point •t which the stre.s;s is measUrtei 1'he manner in wn i(h this
is, ýw'oimplished for Case I, Fig. 147. is as follouks

From I he equations in the section "H.orizontal and Vertical C'oln-
p ,nints olf Stiess for v 0" and for Case I t0 90 . n o.25), for
e\alnlipit.

r - or3 0 (76)
o 4Rt

and,

Aan r2a -[-6 cos' e (77)
V 0 Iz

rhe quantity , r', .,, is dimensionle.s. and values of this quuintity

are tahulated in the fourth column from the left in Fig, 147. for various
value, of h froni (I dgrro•s to 90 degrees.

Various values of the vertical component and horizontal component

of stress for Cases 11, 111, and IV respectively are tabulated in the same
fiorm as iio Fig. 147 and are presented in the appendix.

10 -Maximum Shear Contours

"Maxinunim sihears act in the plai,' Y i, and have a mangnitude equal

tIo I 2t . . . The quantity r'.. .( Yj is givtn in the tailes for each

ias,., For C(i- I. R V. if 1 2 (,,, ,) is constant : then t he eqnition of'I
""th, unaxintnim he.ar contiur is r. K f (O) tabular v'alue or

r, \,.. 'K \ f (0) (78)

where

K 4. ... ) (79)
V\aiiies of K. 1< a'-. givini it, the t,.bhls for ••'ch ,f the four 'ais. To i"- itaiji
tiliny ild ihlial miaximum sheinr co intnour. an aplproprriatt valut e of K is selected n

ainid sist ituttd i; thhe quantity r,,\'K f (0) tabular value. For example,

Sissurni, K %. then r..\ K ri, the tatbular value. The curve for K: t ij,
2

then ihtained by multiply!ng the tabular value corresponding to various
"%alii.'s of o by 2. and plotting the results to vcale.

Figures t48, 149. 150, and 151 are maximum shear contours for Case 1,
Case II, Case Ill, and Case IV reipectively



1l-Stress Traljectories

Stress tra~ectrielesu, curve.,s whi se tangents reprvesent the directtion of
onc of the 1rinc ipal str'sses at lpout.s of tangency. In the sotonon 1wpiiieiil-a
stresses atiil diruci'toi- ;t %%a- shon that the cosine ;f lhit anygle from the,
Positive x axis V) the directI it'l If* ." eqotils V r ,.No%% . , and I, ciii-

tt ,n:1 r-, ;a. al fei.r. hence eliv i'al nic noi I-. Ill ithIi-r %% irds. the piwiicipiil

Atres, directt',.- are constailt 'ii *Ill radial line through the origin in the

1 ' Tlt iItrvc*,;,n ()f pr'-m i:.,I ' : , , ýa .h ,j ii; nidiii !,in for various
lot> liro '!,taitled fro'm thelit- Ia coik-iti III th'n tattles Fig. 1.17, will

aii- -x% ti-eine the strvst''~s art ijiVei it, (himemuriitness formi for vath
.f h( rwtý I !ive cast s, Tht -a ,ii -n~ifnN are pflotted at convenient Illat.

escr va:,- tiie raJia. liii.ý. then lines it-e 1tiawn at i ighit angles tot
therr at'i same plints I(? indicaie the othear n'r~et-i. -I principal ~is
The it, -iss I. ra jutI.,it e, a it I ; ivi (ItrA vi 'is CilOnIIn tIIlit, Ii L4esV' t anFgent to tilt
dire,ý tiois )i principal stres-.

12- Principtal Stress Contours

i'rina.ipail stress contours nmý wtit~ A%% nI~ for ... t he nixnimum princilpal
st re'ks. or for ,,, th hnivminim Iwnvipi ti i1 it st ress.- A maxitotint 1-ri oci pal stresis
eontoutr is a cukrt, along whieh %atilw, of .,ire Constant ;ai minrwimrm jirin-
cipal st rms. ýiintour is a curve aliong %tctch %alues of .,, iare ci'?t.Thie
;priitcilmia stievsl cofitour4 are consttrucied from the tabular hiatta in much the

sami- manneri as the shear ctintoiir, rhe quant itýL r- r, ., is ir ii iil iiith

ti~ples fP v -ah cmase. For Cast- 1, R V, and if ,, i- copitant.

r. If f fst) ISO)~

r,. frr \(R) tablilar value Oil

Toi obhtaini arty individual maxiniturt 1princpt si rest-s cotitotit. atr applripri.ýýP

vuhiw of 11 Oj. r it, \ 4 -~~i hosen and values of r n, (tabular

value (If - ). or of r,. nn, (ttnlttr %. Outie(of ,,). itte plotted

Fiaeuies 154 and l~ft r, Ie l pi iapal stress c''iut.ur t.- Case I and
C'ase Ill

l3-fllatretive, Applications of the Diasgrams

Theit- 1 iA'n,4ri exainpli- illii~trie sn .SIfli f tilt applicatiton, oIf the
diagtrarn1 all I of thte table,~ -vnimarmirinz thu. '-, ilai
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Howl 7eerl- Im 4

Par F.-.-------.----..--.--.-.-- Section--- II

force of 100titat~,00 lb a~ctin atteoigno4oodnts

htisThe oninddnddietion, a) ofain ciidswthCae priancipal stresses b)no

dircection100,000hib actingratttheloridin oFig coor in dmesoessnis

lElnt(r Fig. 147 opposite 0 --. 30' and obtain the following tabular v'alues.

r2,:0.41177 (82)

4w

V r 5.0720 (83)

angle from x-axis toa,r 27' -30'.

Siibstitutv V z100.000 and r,, - 10 in the tabular values to obtain
alt rets5e1 in po~unds per square inch, and solve for w~and ~v*the maximum
and minimium principal stresses respectively.

1,00 1000 ---v0.41177 (84)

- anda 3. 3 psi (tension)

'110,00 100 .", 6.0724) (85)'1 sand . - 404 ps5i (compression).

From the same table obtain the tabular value

~r (. *.) .41138 (86)

whaence

611.0,1 4nd- pal (117)

and
I(w.r)2!8pai (8

The stresses and directions are represented in Fig. 156. A Mohr circle
representing the normal and shearing stresses ks part of the figure.

AIA A
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It. is ti, he nuted that the' polar cowrdinate angle .9 is iX.siti ve measturd
uinti-rhlock wise from the z axis, whereas the angig for determiningi the

dir.ction of ,, is piositive measured clockwise from the x axis.

Example 2

Using the problemn data of example 1, estimate the volume in which
the minimum principal stress is greater than 1000 psi (compression).

Solution:

From Fig. 154, the principal stress contours for Case 1, it may be
observed that ,, and ,j are approximately constant on elliptical-shaped
curves within the angular range R : -60 degrees to 0 -- 1-60 degrees.
The ratio between the lengths of the minor and major axes of the ellipse
is 0.9, and the volume withn which the minimum principal stress exceeds
any given value is approximately equal to the volume of the ellipsoid
obtaired by rotating the given ellipse about its minor axis. i.e.,

4
Volume - ,rahb (!9)

wheire

a - holf the length of the major axes

b - half the length of tlbo minor axes

The contours for o,, wore obtained by plotting corves

r,-: n, - tabular value (Column 10. Fir. 147) (90)

and the tabular value is

, 4W

. Hence along .4ny contour

-4w
r., . V-4 r (91) ,

or

-V (92)

For this problem

100,000
n -• - 9S (93)
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Tlierefore

1-. -2.821 - tabular vauew) 5

Fromt Fig. 147 t he tabular. value at ve ujuals Udeicreea for

-4w
S.-- r r. is 2.4495

r., 2.821 2.4415 :6.91f) (96)

But r., 2b * h :1,455 (97)

andl~ it .3K3 (994)

'lThe volumae (of the ellipsoiad isi

2.1 :

Example 3

Using the' problem data of examtple 2. outunite the ratio of volumes
mt which the minimum principal strest; m greater titan W000 pat it the
vertically applied l.ad it; increaped friim 100.00 lb to 200,000 Ili

Siblution:

.4w
Fl'ir ugly viise' 'If me. tallular v'alueN of r.. \ "T, art, gitve~n lit tht, table

I kiitr foer 1I~ mi liitem tA V. say V. aloof V '14114i the. gme' value - f
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SECTON IV-METALUERGICAL STUDIES

By Sigmund L Smith

I-Introduction

Metal droplets, partly obscured by a white scale, were observed or, the
noses aad on portion~s of the bomb body of all the various types of bombs
dropped during the tests. The thotograph, Fig 157, illustrates the distri-
bution of metal droplets over th e nose of a 11600 AP bomb released from
30,000 feet above the target at the granite site. The black str~p in which
the metal droplets may b seen was first. sanded to rerrove the white
silica-bearing scale, washed with water, washed with alcohol, and then
painted with india ink. The india ink was then lightly sanded to bring
out the relief of the droplets.

Fig 157

Distribution of Metal Drovlets
Nowe of AP Bomb

M~tallurgieal studias ware than undertaken to determine the effect
of bomb impact end ienetration upon the steel of which the bomb wes
constructed.
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I--Flow Lines -ad strain Le.

In order to determine whether strain lines, flow lines, or other changes
in the steel of the armor-piercing and semi-armor-piercink bombs might
have occurred, one armor-piercing bomb released from MQO0 feet, one
armor-piercing bomb released from 18,000 feet, one spmi-armor-piercig
bomb released from 18,000 feet, and one semi-armor-piercing bomb released
from 14,000 feet were treated in the following manner:

o ) The sandpapered surface was etcheu for 30 minutes with a solution
of hydrochloric acid at 160 degrees fahrenheit.

2) Subsequently, the surface was etched for 10 saconds with a cold
Colution of Fry's reagent1 .

From this investigation it was concluded that flow lines were absent
at least from the areas investigated, and that the surface failure evidenced
by the flow-metal droplats had not penetrated deeply into the body of the
bombs.

"S-Flow-.Mtal Droplets

Next, samples of the flow-metal droplets were pried off an armor-
piercing bomb released from 30,000 feet above the granite target. It was
observed that the metal droplets began to form about 3 inchec back from
the tip of the nose and then were spread out over the surface by the
attrition of the rock. The position of the samples taken for metallurgleal
study and the photographs of the etched and unetched specimens at d
various magnifications are shown in Fig. 15.L

Photomicrograph 3 (mag -stion 5OX) of a droplet 6 inches from the
nose of the bomb shows some of the Silicate partiCles (light gray) embedded
in the flow-metal.

A comparison of the several photomnicrograpbs shows that the metal
structure of the droplets isvr ie-grained or amorphous and Is the
msam for all droplets regardles ofpstion on the bomb body. The number
of voids resuldn fro being e-pe during solidification Is a
rminimum in the droplets close to the nose and a maximum in the droplets
at the Juncture of the nose and the body of the bomb.

Two of the general-purpose bombs which were dropped .at the sand-
stone site wAr wic boroke into fragment upon Impact weae studied to
determnine whether any cheang in composition or hardness had occurred.

One of the bombs omb 42, was relesaed from 12,000 feat above the
sandstone target, and the other Bomb 44, wes relesed from 140 9et
above the sndston target. ZotA ruptured and penetrted les t half
the depth of other bombs of the same type released from the same altitude.

MEhebki
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(2) 10OX(5) 3/4 x As received
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Unetched

- r" - - \7
66
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The macrostructure of fragments from GP Bomb 42 and the position
Oh the bomb from which the fragments were taken are shown in Fig. 159.
inserts 5, 6, and 7. Cubes were sawed from the bombs and prepared for
photography under the metallographic microscope. Inserts 1 and 3 of
Fig. 159 are unetched photomicrographs of specimens reom the outside and
from the inside of the bomb 7 inches behind the nose. Insert 1, a photograph
of the outside edge, which shows a layer of metal about to be torn away
from the body of the bomb, is in contrast to insert 3. from the inside edge,
which shows no such evidence. Microphotographs 2 and 4 have been etched
and( show the grain structure. The grain structure of the outside edge is
similar to that of annealed steel. The grain structure of the inside edge has
a typical troostitic appearance such as occurs when cooling is not fast
enough to il)t:ain martensite.

The microphotograph, insert 8, at a higher magnification than insert 2,
shows the structure near the incipient stage at the outside surface of the
bomb. Insert 9 shows the typical pearlitic structure midway between the
outside and inside surfaces of the bomb as a result of slower cooling during
the normalizing period. Insert 10 shows the troostitic structure of the inside
edge at greater magnification.

5- Hardness Changes

Hardness measurements were made on the etched specimens from
Bombs 42 and 44. In this test, a Rockwell tester was used with the "C"
type of scale, the Rockwell "C" hardness was converted to Shore sclere-
scope readings in order to have the bomb hardness on the same basis as
that used for the rock specimens (see Physical Rock Tests). The position of
the specimen and the sclerescope hardness obtained are shown in Fig. 160.

Ordnance Fpecifications require normalizing of the bombs after forg-
ing. The purposes of this normalizing treatment are to break up the coarse
grain structure and carbides formed by the forging, to remove any residual
stresses caused by forging, and to produce a more uniform structure
throughout the material. Because of this normalizing, it is reasonable to
assume that the inside and outside surfaces of the bomb have an identi-
cal microstructure and identical physical properties. The hardness tests
showed that the area near the nose had increased in hardness. Tests made
7 inches from the nose showed that the material had softened; further
tests at points 11 to 17 inches from the nose showed that the hardness
again inc'eascd. The increased hardness at the nose can be attributed to

* woe'k-hardening of the steel. Heat generated at the nose was dissipated into
the rock to some extent, and flowed back from the nose to the body of
the bomb. The temperature at the tip probably did not rise appreciably, so
the internal stresses produced by the cold working remained and caused
an increase in the hardness. The lesser hardness found 7 inches from the
nose can also be attributed to work-hardening and subsequent annealing.
The surface temperature in this zone was high enough so that the steel
could reach the incipient point and flow along the surface of the bomb
as it moved downward. The non-flowing metal was in the austenitic
stage. The cooling from the austenitic stage was slow because the crushed
rock acted as a good heat insulator. This slow cooling is typical of the usual
annealing methods. The zone II to 15 inches from the nose was subjected
to a similar process; however, the effects of pressure and temperature
became progressively less severe with increased distance from the nose.

- . .i . .~
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SECTION V-PHOTOELASTIC STUDIES
OF STRESS DISTRIBUTION IN THE MEDIUM

By lt 1. Pandya

l-Introduction

The stress distribution in the interior of a semi-infinite solid due to a
concentrated force at the surface can be determined mathematically as
presented in Section III, but the mathematical solutions become so com-
plicated if the force is applied at various points and'in various directions
bow the surface that the mathematical approach becomes impractical if
not impossible. Accbrdingly, the photoelastic method of -stress analysis
was used to investigate the stress distribution in the medium under both
conditions of load. he photoelastic method has been used to study three-
dimensional problems, but because part of the necessary apparatus was not
immediately available, it seemed advisable first to study the stress dis-
tribution in the two-dimensional models using standard techniques and
available apparatus.

Three problems relative to the validity of the results of the two-
dimensional study arise immediately. 1) Is the stress distribution sub-
stantially the same in any given plane in a two-dimensional model as it is
in the same plane in a three-dimensional model? 2) Is the pattern of the
stress distribution in the medium similar in static loading to that in
dynamic loading? 3) Is the stress listribution influenced so greatly by the
elastic properties of the medium that the usual photoelastic model ma-

=, terials are apt to give distorted results?

, The solution to the first prC~lem seemed to be that work should be
conducted in such a manner that the three-dimensional mathematical
results cited in Section III for a force applied to the surface of a semi-
infinite solid could be compared with t e two-dimensional photoelastic
results. The second problem was met satisfactorily by comparing the strain
patterns in Stress-coated models under static end under dynamic loads.
The third problem cannot be solved completely until more of the funda-
mentals are known, but from information now available it appears that
within the elastic limit the experimental error is more apt to depend upon
the manner of loading and of confining the specimen than upon a great
difference between the elastic properties of the photoelastic model material
and the rock prototype.

The circumstances surrounding failure of a material are dependent
upon the physical properties of that material, such as cohesion and co-
efficient of friction, but the stress magnitudes and their distribution are
entirely unaffected by the physical properties. Changes in physical prop.
ertles from region to region also affect stress magnitude and distribution.

Figure 161 is a photograph of the C,S.M. photoelastic apparatus and
loading frame. The loading frame was designed in the Mining Departmuet
of the Colorado School of Mines iL- such a manner that the specimen is
laterally confined and a hortizontal component of stress is induced in the

Fi... "
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,,r =radial straws
R =applied load
r. =radia distance
01 =angle from line of action of thti applied force to the element
t =thickness of the plate

Ithe normal stress in a direction at right angles to the radial direction
equalb 0, and vo=O. The shearing stresme acting on the deleent arn seo,
and t,,=O. The nmaimum sheer stresss on the element act at 45 degrees to
the direction of principal stress and equal

R owe #I

Now at *,=O*, cos h~=1, r.=d, and

The ohea strasss are constant along a circle of diameter d which
bisects the line of action, anid at points alkng the circle are inversely
proportional to the diameter. In other words the shear stress on a circle

bf daw isfour times as treat us that an a circle of diameter dm1I.

If the angle ek is measured from the Uin of action of the concentrated
lodR, e i t.12,te nl of obliquity need not be considered.

Howeertheneural or stress axis is atrgtangles to the line

in negative (cmrsin;adabove the neutral axlis, is positive
(tanalon. The fomo =hesercontours above the nsar axis is the
same as the form J the shear contours below fth neutral aWi. Both
are circles, but the shear contour circles above the neutral axis terminate
L.ath rmound lias. In FPg. 162 values of *tthe normal stresm on radial

Mie, a of T... maximum shear, for the loous at all points an aseres f emsrtrc crcls t varinos distances In fee from a enom iteeaaed
load of 100.00 pouands acting at 00 degree to the edie of a plate 1 tubh
thek. are showin.

The phsOWAv= ft.103 hw the frmnee in an site ground no"e
MW an dft* of *0 W bomb M The M alike del and the

bomb mefda are %s insh thigh and doe blgnm am~ a result ci vertloal
Mttclaigeer~a~ ta a-g~ of pact of "0 degree. A devise

to hold the bomb fromn sdipping on the surrace was naueesry.
A neutrs! line Is at right engles to the axis of the bomb. Assuming that

the diameter of the first dark fringe below the neutral azois s unity, then
tht diaam.ter of the econd fringesequals 1/2, of the third fringe 1/3 and
of the nth fringe 1/n. The value of each fringe was found from peiu
experimento to be 180 pounds per square inch in shea. Thus frthe

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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41 1 21.97 5.00 -47.99
2 20.82 5.57 -53.44

I -30. 3 19.62 6.27 -60.18
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given load the shearing stress at all points on the first fringe is 180 pounds
per square irch; the sherring stress on the second fringe at one-half the
distance from the point of application of the load is 360 pounds per
square inch, and at one-third to,? distance is 540 pounds per square inch.

The normal stress, ,,,, on radial lines intersecting the fiist fringe is
twice the maximum shearing stress. The normal stress at all points on
the first fringe is 360 pounds per square inch, on all points on the second
fringe is 720 pounds per square inch, and on the third fringe is 1080
pounds per square inch.

The shear contours as determined for the two-dimensional body illus-
trated in Fig. 163 are compared with the shear contours computed mathe-
matically for the three-dimensional body, and the results are presented
graphically in Fig, 164. In the figure a cross section through the two-
dimensional body is shown to the left, and a cross section through the
three-dimensional body to the right. In the two-dli,'ensional body the
outermost circle has a diameter of 100 feet, and T,,,., at all points on
the circle is 26.5 pounds per square inch. The 100-foot-diameter circle is
designated circle I, the 90-foot-diameter circle is designated circle 2,
and the 60-foot-diameter circle is designed circle 5. In the three-dimensional
body the shear contours are ellipses rather than circles. The minor
diameter of the ellipse is approximately 0.9 the major diameter, and the
minor diameter coincides with the direction of the line of action of the
applied force. The shear stress along ellipse I in the three-dimensional
body is the same as the shear stress along circle I in the two-dimensional
"body.

In the three-dimensional body, to is measured from the z axis and
along the line of the applied force; a equals 30 degrees, and the radial
distance to ellipse I is 30.72 feet. The shear stress at 30.72 feet in the
three-dimensional body and at 100 feet in the two-dimensional body is
equal to 26.5 pounds per square inch.

In the two-dimensional body at 100 feet measured along the line of
action, the normal radial stress, w,, is 53.0 pounds per square inch, and mi
is zero, whereas in the three-dimensional body and with Poisson's ratio
0.25, w is 49.54 pounds per square inch and t" is 2.75 pounds per square inch.

In a two-dimensional body the shear stress and the normal stress
in a radial direction vary inversely u the distance from the point of
application of the concentrated force, whereas in a three-dimensional
body the shear stress, the normal stress in a radial direction, and the
normal stress in a tangential direction vary Invernely as the square of
the distance.

S--Tbe UO of Geolati as a PhekWAslae Material

It proved to be most difficult to prepare an al~t* model and obtain
suitable contact between the bomb and the ground at various stages of
penetration. Moreover, field work had shown that penetration Is acco•m-
panJed by rock failure, and it thus would have been necessary to
duplicate the rock failure in the allIte ound modet. Furthermore, it
was apparent from the results of the held work that the resistance to penm-
tration was a function of depth and it was difflaut, If not Impossible, using
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allite models, to duplicate the effect of the weight of the rock mass upon
the resistance to penetration. These difficulties were overcome by using
gelatin as a model material. Farquhasson and Hennes" had previously used
gelatin models for photoelastic analysis of stress in earth masses.

Because of the difficulty of preparing a simple tension or a simple
compression model of gelatin, the method used to determine the fringe
values of gelatin was to load the model material over a finite area and
to calculate the fringe value from the formula

wt r,.

where

T.., =fringe value
q,,-=intensity of load over finite area

t =thickness of finite area (also model)

a =one-half the length of finite area
r. =radius of the circular fringe on which the fringe

order Is being computed

The fringe value for a mixture of 16 per cent gelatin, 25 percent
glycerin, and 59 percent water was found to be 0.52 pounds per square

• p , inch in shear.

Gelatin ground models were cast between %-inch glass plates in a load-
ing frame of the type shown in Fig. 165. The loading frame was introduced
into the standard polariscope setup, and the strew distribution in the
medium was determined at various places along the path of the bomb.
The path of Bomb 31, which was accurately determined in the field, was
used as a prototype path. The model bomb was moved to various positions
along the predetermined path by adjusting the position of the rod on the
back end of the bomb andby adding weights to the end of the lever arm.
"The stress distribution was determined after equilibrium between the
bomb and the gelatin medium had been established and the bomb had
come to rest.

4--C npaouts of the Stress Distributtom I the Modium at the NRo of
2000 BAP and M500 SAP Dlmbs.

Figure 166 shows the shear contours In the medium at the nose of
a 2000 SAP model bomb. It may be observed by comparing Fig. 166 with
Fig. 163 that the stress distribution in the gelatin is similar to that in the
allite model material. In Fig. 166 the bomb has penetrated a short distance
into, rather than being at the surface and making line contact with, the
medium. The unstressed medium is dark and extends to the neutral axis
on both the footwall and the hanging.wall sides of the bxomb. A surface
bulge similar to that observed in the field has started to form, and the
neutral fringe iv within the bulge on both the footwall and the hanging.
wall sides of the bomb. In the a lite ground model, Fig. 163. as discussed

W0 Os94"A i 9 0Ghbwom LArWS, of SaM &t l "'• i meii: Ci.il I@W
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I

Fig. 165

Gelatin Model Loading Frame

in connection with the two-dimensional mathematical analysis, the neutral
axis extends into the medium on the footwall side only. The difference
is due to the presence of the surface bulge and to the partial burial of the
nose of the 2000 SAP model bomb.

The first white half-fringe above the neutral line indicates negative
shear, and tension. The length of the tension zone is greater on the
hanging-wall side than on the footwall side of the bomb. The tension zone
in the hanging-wall does not show in the allite ground model (Fig. 163)
because of the absence of the surface bulge and the point contact on
the surface.

The maximum fringe order in the gelatin at the nose of the bomb is
5. The fringes in the gelatin are circular in outline, but the depth of
the circles is at a maximum vertically below the nose rather than along
the path. The fringes meet the nose of the bomb on both the footwall
and hanging-wall sides rather than meeting the tip of the nose as in
point loading. As the depth of penetration approaches complete burial
of the nose, the type of loading departs further from the point loading
of Fig. 163, and the fringes intersect the nose nearer to the cylindrical
portion of the bomb body.

Figure 167 shows the shear contours in the medium at the nose of

. . . . ... ...
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Fig. 166

Stress Distribution in the Medium at the Nose of a 2000-pound SAP Bomb

a 25,000 SAP model bomb. As may be observed, the shear contours differ
in shape from those at the nose of the 2000 SAP bomb. The difference
is due entirely to the difference in the shapes of the noses of the two
bombs, for the manner of loading, the relative depth of penetration, and
the fringe value of the model material is the same. The sharp nose of the
25,000 SAP bomb results in a wedging action that parts the medium
symmetrically along the line of action of the bomb. The parting of the
medium relieves the stress near the zone of plastic failure at the nose
than at a greater distance. The stress relief is apparent from a comparison
of the shapes of the shear contours.

The wedging action of the 25,000 SAP bomb nose becomes increasingly
apparent with an increase in the depth of penetration, as may be observed
by comparing the shear contours of the 25,000 SAP model bomb Fig. 168,

"I with the shear contours of the 2000 SAP model bomb, Fig. ld1b.

771 7r
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Stress Distribution in the Medium at the Nose of a 25,000-pound SAP Bomab

The shear contours, fringes I and 2 of the 25,000 SAP model bomb,
intersect the nose, whereas the shear contours, fringes I and 2 of the
2000 SAP bomb, are arranged in a concentric pattern and at a considerable
distance beyond the nose. The disturbed area adjacent to both bombs
correspond to the "crushed zone" or the "plastic failure zone" observed
in the field. The disturbed zone encases the nose of the 2000 SAP model
bomb, whereas it is confined for the most part to a region substantially
behind the tip of the 25,000 SAP nose.

As the depth of penetration increases, the resistance to penetration also
increases, or, in other words, the medium is stronger. Eventual depth
is reached where the nose of the 2000 SAP bomb exerts a wedin: action
slimilar to that of the nose of the 25.000 SAP bomb. At any gven depth
%be wedging action is a function of the sharpness of the nose. A perfectly
sharp -Ame would be one in which loading approaches point contact.

OW IMm
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"--Stress Diutribution in the Medium at Various Stage. of Penetration of
a 1600 AP Bomb

The shear stress distribution and the directions of principal stress
at three stages of the penetration of a model bomb into a gelatin medium
were determined, and the force on the model bomb at which equilibrium
was reached for each of these three stages was measured. A 1600 AP
model bomb constructed of allite to a scale ratio of 1 to 20 was selected,
the path of Bomb 31 was used as the prototype path, and the fringe
value of the gelatin model material was 0.52 pounds per square inch
in shear.

A load was applied to the 1600 AP model, using the apparatus shown
in Fig. 165. After equilibrium was reached, the force along the line of
action of the bomb was computed to be 4.08 pounds, and the bomb had
come to rest at a scale vertical depth of 7.2 feet, which corresponds to a
scale incline penetration of 7.5 feet. This point of equilibrium is designated
in the following drawings as point 1.

Figure 169a shows the shear fringes in the medium at point 1, the
path of prototype Bomb 31, the surface, and the soil-shale contact. The
soil-shale contact was formed by filling the loading frame with gelatin
to the soil-shale contact and allowing it to cool sufficiently to form a
crust before filling the loading frame to the ground line. The fringe

-'; orders are numbered in the drawing. The maximum fringe order is 5,and the maximum shearing stress occurs immediately adjacent to the
tip of the nose on both the footwall and the hanging-wall side of the
nose and also near the tail of the bomb on the footwall side.

From the mathematical analysis and from photoelastie results (see
Figs. 162 and 163) it has been shown that the fringe order at the tip of
the nose for point loading is greater than at other places in the medium,
and from Figs. 167 and 168 it has been shown that as the penetration of
a bomb becomes greater, the stress distribution is affected by the shape
"of the nose. As shown in Fig. 169a, the fringe order is 4 at the tip and
is 5 in the medium adjacent to the tip in both the footwall and the
hanging-wall at the tip elevation. A possible explanation may be that
plastic flow develops at the tip bec&use of high stresses associated with
point contact, and the stress is transferred from the plastic zone to the
elastic zone that surrounds it.

In the mathematical analysis upon two-dimensional and three-di-
mensional models it was shown for point loading and for zero penetration
that the shear distribution was symmetrical about the line of action of
the applied force. In Fig. 169a it may be observed that in the medium
below a horizontal plane through the tip of the nose, the shear stress
distribution is symmetrical about a vertical line through the nose tip
rather than about the line of action. It may be observed also that the
distance from the nose tip to any fringe is minimum rather than maximum
along the vertical line of symmetry. Further it may be observed that the
ratio between the maximum horizontal distance from the tip of the nose
to any fringe and the maximum vertical distance to the same fringe is 2 to 1.

An inspection of the shear stress distribution on the nose of the bomb
shows 1) that the shear stress is greater on the footwall sde than on

N ! L
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Fig. lossa
Shear Stress Distribution at Nose of 25.000-pound Model Bomb

tehning-wall aide at any given distance measured along the nose
ran teg tip, 2) that the strews increases from the plastic zone at the nose

tip to a maximum at some point beyond the plastic zone, then decreases
* to a minimum near the juncture of the nose and bomb body.

An inspection of the shear stress distribution along the body of
the bomb shows 1) that the fringe order at the tail of the bomb on the
footwall side is as great as it is at the nose, 2) that the fringe order at
the tail end of the bomb on the hanging-wall side is less than on the
footwall side, 3) that the fringe order on the hanging-wall side near the
juncture of the nose is greater than on the footwall side at the juncture
of the nose.

By converting the monochromatic light of the polariscope to white

I ' * -~ ' - ~-----.-~--.-'.-.
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Sheer Stress Distribution at Now. of 2000-pound SAP Model 50mb

light, removing the quarter-wavie plates, and rotatin the analyzer and
plarizer simnultaneously at intervals of 10 degrees. solinica were ob-
tied, &nd the isoclinics were used to construct the stress trajectories

cpldrconcopieaeie trdalieprallton a strews trajectory is tangent to the stress trajectory, and the other
is at right angles to it. In a two-dlimensional sm-nitesolid the prin-
angles to P, at any gfiven point as illustrated in fig 162. The psincpal
directions at the no@e of a model 2000 S&P bomb inclined at 75 dege

su herxft ace corresponding toeapth of peeration idctdb
the shear contours in ftg. 106 are shown in Tig. 10

It may be observed in Fig. 170 that the principal directions aoe influ-
enced by the shispe of the nose and that the directions are not constant
along radial line.. Near t" nose of the bomb the departure trots redia
anid tangential directions is not great, but the departure increames as
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the distance from the nose increases. The departure is due to the weight
of the gelatin, and the effect is comparable with the effect to he expected
in a rock mwiss at depth due to the superincumbent rock load.

Referring to Fig. 169, tangents to the dashed lines orv par-allel to
anld tangents to the sol id lines are parallel to r,,. At poin t A. twiar thi-

nose, and point B. near the tail on the footwall side if tia' bomb, the
fringe order is known to be maximum, and the normal strvess, r,, at tthesi
points is known to be conmpressiun. The normal stress in a tangential
dlirection, .,is also thought to lie compressive, but the mathematical
and photoelastic analysis is incomplete. At point C, ,, is thought to be
a minimum because the fringe order at that point adjacent to the bomb
is minimum. At point D the fringe order is known to be minimum on
the hanging-wall Adie, and both Yf, and ir, are thought to be compressive.
At point E it is known that the fringe order is less than at point B.

The evidence. although incomplete, indicates 1) that the forward
"thrust along the line of action is combined with a tendency to rotate
due to the greater resistance of the medium at depth than near surface,
and 2) that somewhere near point C, where the fringe order on the
footwall side is minimum, the turning moment is least. Stress relief at
the nose is maximum at point D, and stress relief at the tail is maximum
at point E. The region on the hanging-wall side of the bomb between
E and D mat be thought of as a region of minimum compression or
maximum tension. As observed in Fig. 168. the maximum surface bulge
ccurs on the hanging-wall side of the bomb.

The solid lines, or the , , stress trajictories, may ibe thought of as
"~flow lines." The displacement on adIjacent, sides of ainy flow line increasesin the same direction that the fringe order increases. In the region where

the . stress trajectorieu are dotted, the displacement is so weak that
the isoclinics could not be recorded, In the region beyond fringe order 1.

te shethe stresse reistaneek oha the shedimar contour thanto bea srfacred.

Thus, the area in Fig. 169d covered by the stresf trajectories is a measure

theshearl stres is mioiweak that thein shamoentours easot. btes recored.a

the disturbed area in the medium. The disturbed area remains nearly
constant and seems to be a function of the volume of the bomb rather
than of the depth of penetration.

In order to increase the depth of penetration of the model 1600 AP"bomb in the gelatin, the load on the lever arm of the loading frame war
increased. Equilibrium was attained after the movement of the bomb had
"stopped. The new point of equilibrium was designated point 2. The force
on the rear of the bomb at point 2 acting parallel to the line of action
was 9.60 poud he sale vertical depth of penetration was 8.8r feet;
and the se in lined penetration was 9.6 feet. The shear contours for
point 2 are shown in Fig. 169bo and the stress trajectories for point 2
are shown in Fig. 169c.

At point 2 it may be observed that the shear contours extend further
into the hanging-wall than the foonwall, and tha. the line of symmetry
of the fringe pattern below the tip of the nose corresponds neither with
the line of action nor with a vertical line through the o nse. In the
hanging-wall the ratio between the horizontal distance from the nob a
to fringe I pnd the maximum vertical distance below the nose to fringe I
is the same *a for point1, i.e., 2 ton .

'winll -e tn
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The difference in fringe orders between the halrgii•g-wall side (fringe
order I) and the footwall side (fringe order 6) oif the bomb has greatly

increased compared to point 1. The maximum fringe oilrder occurs at the

base plate rather than at the nose. Points A, B ,C, I), and E of poinit 2

correspond respectively to points A, 11, C, i), tand F of lioifrot I.

At point 3, equilibrium was obtained with a foree along the line

of action of 39.6 pounds, at a vertical depth of penetration of 9.2 feet,

and at an inclined penetration of 10.0 feet, The maximum fringe order is

8 and occurs on the hanging-wall rather than the footwall side of the

nose tip. The fringe difference between the hanging-wall side at the tail
of the bomb is less than for point 2, and the tendency of the bomb to
rotate is much less.

J4
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SEC TON VI-PHOTOELASTIC STUDIE

OF THE STRESS DISTRIBUTION IN TME BOMB

By IL J. Pandya and Carl N. Zanqar

l-InfroducOm

A preliminary study of the stress distribution at the nose and near
the juncture of the nose and the cylindrical portion of the bomb body was
made in which two-dimensional techniques of photoelasticity were em-
ployed. It is apparent from this preliminary study that additional work
must be done and that new apparatus an~d techniques must be developed.
However, the preliminary work indicates that each of the four types of
bombs dropped in the Bomb Penetration Project can be improved in some
manner.

As a result of the study of the stress distribution in the medium it has
been shown that the forward thrust of the bomb is combined with a torque
caused by the increased resistance of the medium at depth. It has been
shown also that the maximum shear stream in the medium at the footwall
side to the rear of the bomb is as great as the maximum shear stress in
the medium at the nose. In the type of loading employed in this prelim-
inary study it was possible to investigate only the streaw distribution in
the forward part of the bomb at impact and zero penetration. However,
this work can be used u a basi of future work.

At first, the model bombs were loaded utatically, with the noes of the
"I bomb in contact with the bottom of the loading frame, the axis of the bomb

vertical, and a static load applied to the bomb base plate. The model bomb
represented a vertical longitudinal slice along the axis of the bomb. This
method resulted in excessive bending in the center of the cylindrical por-
tion of the bomb body, and was modified by leaving a solid center area
with a hole at the center of gravity of the bomb and hollow forward and
rear areas. In this method the bomb was loaded statically at its center
of gravity. Stresses at the rear of the bomb body were Ignored.

The stress concentration in the forward end of the model gneral-
purpose bombs is in agreement with thq observed maimer of filure of
the 2000 OP bombs in the field. It sms= reasonable to believe that the
points of wekness in the nose of the 2000 SAP and the IMOGP bombs
can be inferred from the shear contlors as determined •d oeasticay in
the model bombs, and that the relative strength of the o tpes of
bombs dropped during the field tests can be iered eo by sMe
means. The fractur near the base plate of 2••,0 SAP Bomb it Is due
to stres ommsttio near sharp corners of the bes plate and to the
resistance to vertka and lateral deviation frtqn the ine of aon

8-M aiama Se ar Sham Dso bbutloo tWh s No a e IM AP Denab

Figure 171 shows the shear streaw distribution in the nose ard in the
walls at the juncture with the nose of a 1000 AP model bomb Cosstructed
of allite to scale I to 10. The figure shows the growth of fringes as the load

S!~
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is increased su&ccesb1ieely. from. 21.33 pounds, to 40.29 pounds, to 125.61
pounds. The kieutr) area (fflnge oirder 0) between the tip of the nose and

teforward'end of the explosive cavity. :decreases in size as the load in-
creases and then essentially disap=eara(Fig. 171c). The nose tip is in
compression and the forward semicircular portion of the explosive cavity
is in tension. Both the tensibe and compressive stresses; increase as the load
is increased, but the fringe order adjacont to the noses tip is always greater
than the. 6lg 6rder at the semicircular portion of the explosives cavity
The mo~ml value o pounds per square inch in shear and30

pound per quate inch i6 isimaln or comnpression.

3-Xaxhauv Shee Sre Ow~rboata~ in the mes" 09 a M5.W SAP 3mb

Figwre..i2shw tW~ear stress distribution in the nose and walls
of a 25,000 SAP bomb, stshlqItG 20. In Fig. 172a the load is 21.33 pounds, in
Fig. 172b the loAd is.40t9 pounds, and in Fig. 172c the load is 137.46-pounds.

Becust9f,thoe ~ale. diffirfhce, the fringe orders cannot be directly coma-
pared wihtioen tM-OW )0AP bomb at the same load.

As the load increases, the neutral zone in the nose diminishes in site.
In Fig. 172a, the fringe order at the nose of the bomb is 1, and the nose is
in compression. The semicircular poton of the explosive cavity is in
tension and the fringe order is %. Between the nose (frn order 1)
and the neutral area (fringe order 0) the white band represents ig order

½.Most of the inside surfaus of the bomb behind the forward semi-
circular portion lies within the white band and is in compression. In Fig.
172b. fringe order 1 at the nose is in compression, and fringe order 1 along
the inside wall of the bomb is in tesansrig order % (compres.
sion) envelopes the neutral area and swing from the inside boundary to
the outside boundary at the juncture of the curved portion of the nose with
the 6cyli4W s partion 9t Ow ibomb. In Fig, 172c the neutral are at the

cete *bsA~d'ds in sift t#e outside of the Inos in high
compreisdi fth Wni~i teion.Ih opesv rneodra h
tip of th e20e'U%-iph Ift'ser =t'a the ttns Fe friinge "of 3 at the Intsihdoe
surface. Both*e f~dP'aad tOe outside of the cylindrical portion of the

bomb od~r '~ 6n.pioaee~ion. -The f ridge order on the inside is 2½
whereas the Ir j~e order on. the outside iurface is 1 WMaxlmum bending

occurs P!g~, AosRidthe the jwtunc up* the cylindrical portion of the
=rbombbo~df*I~heM W*WW the rhito band, fringe order 1%, broadens

4-Maxissm bm p urh~ao Hise Ne of ,am a" SaPmb

Figures 171and 113V show fthem#Winee shear stres distribuation
in the nose of *A A .n~rlw qntOrI ný -&ed4UpuiThe noes tipig4*0awww
Of the nowV 1i Nn t)e amura ar ewen*ikadte

-- ex"plosiv in de *g ladI GreWAt
benIn do7 ~ tha UP d in thr ftheSSO

wail VWs aisa h-WL a

maximum A ig remains fnixe st oad Is Inabsssi TIke mezimem
?~~.Ivireseeeins~e esursat heipal the wess and Is do.
the es ustforward of the junetur of thnoe- and the

A.
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bomb body. Here the maximum fringe order at 40.29 pounds load is4% at the inside surface of the bombgand 1%/ at the outside surface Ofthe bomb, The region of high stress concentrates is a region of weakness.

From the stress distribution in the nose of the 2000 SAP bomb it
may be deduced that the manner of failure of the 2000 SAP bomb would
be somewhat similar to that observed in the field for 2000 GP bombs if
the striking velocity could be increased or if the resistance of the target
to penetration could be increased beyond that in sandstone and granite.
The 1600 AP bomb is capable of withstanding nearly four times as much
load as a 2000 SAP bomb. The point of rupture of the 1600 AP bomb
would be farther from the nose than for the 2000 SAP bomb.

S-Maximum Shear Sires Distribution in th. Nose of a 2000 GP Bomb

Figure 174 shows the maximum shear stress distribution in the nose
of a 2000 GP bomb due to a load of 26 pounds applied at the center of

U.

VI.174
Maximum Shear Stress Dlstribution in the Noe" of a 2000 OP Bomb. Load N Pounds
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gravity. The maximum shear stress concentration occurs at 'he juncture
of the nose with the cylindrical portion of the bomb body. The fringes
are so close together at the ot of maximum stress concentration

p u p o e o m i s v e a l 't m e w ae r t ht t h e 2 0 0 S Aorfh 1 0because of extreme bending of the section that it is difficult to determine
the maximum fringe order. It is apparent, however, that the general-
purpose bomb is several 'times weaker than the 2000 SAP or the 1600
AP bombs.

When the manner of failure and the position of initial failurp of
the 2000 GP bombs as observed in the field are compared with the position
of maximum shear stress concentration in the models, it appears that
the metal of the 2000 SAP bomb fails in maximum shear. It is also
apparent that the two-dimensional techniques of determining the position
of maximum shear stress concentration are valid, but perhaps the results
are qualitative rather than quantitative.

"S-Summary
The several types of bombs dropped during the Bomb Pentration Tests

are listed in the order of increasing strength as follows:

1-2000 GP (Weakest)

2-2000 SAP

3-25,000 SAP V
4-1600 AP (Strongest)

The great strength of the 1600 AP bomb is due to its sharp nose and
the thickness of metal between the tip of the nose and the inside of
the bomb cavity. Tensile stresses in the cylindrical portion of the bomb
body do not exist. The metal thickness in the walls of the cylindrical
portion of the bomb body progressively decreases from the forward end"toward the rear end. The design of the bombn, most closely meets the
strength requirements for penetration of rocks, but it is likely that minor
modifications can be made to improve both the nose and tail end of the
Sbomb. The tail modification would apply prfinarily for bombs intended
to penetrate great thicknesses of rock, rather than bombs intended to
penetrate armor.

The 25,000 SAP bomb is well designed, but the metal distribution in
the 1600 AP bomb appears to be superior. It is also possible that the design
of the region near the base plate of the 25,000 SAP bomb may be somewhatimproved.

it seems reasonable to believe that the shape of the nose of the
2000 SAP bomb can be improved to reduce the stress concentration near
the juncture of the curved portion of the ru,,e and the cylindrical portion
of the bomb body, and that this change can be made without substantially
changing the charge-to-weight ratio.

A greater improvement may be possible in the design of the 2000
GP bombs than in any other type of bomb. The object of the d change
would not be to improve the penetration characteristics of the ob, but
would be to minimize low-order detonation associated with casing failure.
It seems reasonable to belleve that the design change might alio improvethe accuracy of bombing.
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PART F-ANALYSIS AND CONCLUSIONS

SECTION I-A THEORY OF PENETRATION OF
PROJECTILES IN ROCK

I--Introduction

The penetration of projectiles in rocks occurs an a result of rock

failure. Penetration begins when rock failure begins. Penetration ceases
when rock failure ceases. Failure depends upon the magnitude, direction,
and position of the applied force; upon the stress distribution in the
medium; and upon the physical, elastic, and geologic properties of the
rock. Rocks are not homogeneous isotropic substances, and therefore the
theoretical attitude of planes of failure is influenced by the attitude of
existing geologic planes of weakness. The factors influencing penetration
are many, ana the problem of penetration in rocks is several times more
complex than the problem of penetration in concrete and in soils.

A theory of penetration is desirable if we are to progrme beyond the

present controversial empirical stage. The theory involves fundamentals
of rock failure, a subject that is broad in scope and one in which further
fundamental research is necessary. Recognizing the skeletal status of
fundamental research in this field, it seems most likely that the theory
as presented here will be Improved as fundamental research continues.
However, it seems that the theory as presented here should aid In the
design and selection of bombs to reduce enemy fortifications, and in the
design of fortifications to resist enemy bombs. The theory has been
derived as a result of the combined analyme of the field results, the lab-
oratory results, the mathematical and photoelastic results, and the phys-

" ical and elastic ropertiew of the rock. Thpenetration formula presented
in Section II of te analysis summarizes the theory.

2-4kmk Failure at Impict

-The penetration of a bomb occurs as a result of rock failure. Rock
failure does not occur as a result of the penetration of a bomb. Rock failuretakes several forms, depending upon a variety of fatos At imp&;,
fdllum is either by plasti flow or by crushing =An hvq~tentati. The
limits of the zone of failure depend upon the kineticenerg of the bomb,

the bomb, and and

As the kinetic energy at impact of the bomb with the medium in- - -

creaseese, the volume of rock stread beyond a iven value &W Icess'IIt has been shown in the nmatiiatica m yMs (m pp. 137 to 150) that the

aqua' roots of the static ad. Thus " the kinc e gy i
sons of crushng and fragmentation increases. For a given type of bomb

a ' te of rock, the amount of fito material is a meonr
of tot rock that has failed by ezvahln. In the photo-

Zuni resulting the
release, o,.f., a M SAP... bomb at9M (Fig. ]I&&) Is compared with the
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greater fragmentation in the same rock type by the same type of bomb at

a release altitude of 30,000 feet (IFig. 175b).

2b) Displacement of the Overburden

When the nose of a bomb enters the overburden or soil cover above
a solid rock mass, the soil or overburden is displaced outwardly from the
point of impact. This displacement is not concentric about the point of
impact, nor is it consistent in direction. Apparently the motion of the soil
is similar to that of the main current and eddy currents observed in
turbilent flow of liquids. It is apparent from the field evidence that the
vertical upward component of the ground shock is considerable.

Figure 32, the crater map of Bomb 17, a 2000 SAP bomb dropped
from 30,000 feet, shows the displacement of a cinder grid line
on the granite targct near the point of impact. The soil thickness at the
point of imp act is 0.8 foot. The displaced fid line Is in the footwall of

the point of Impact. The displacement of the soil has been accomplishedby ili pp age of the soil above the soil-granite contact. The rock below
tesol-grante contact in the footwail of the bomb, and outside of thetrue crater, Is undisturbed. The gfridline, which was originally straight

and 3• feet behind the point of impact, is now curved and displacedlaterally to a maxim um of 4 feet from Its original position. Farther alongthe grid line,he e direction of displacement is reversed. Toe maximum
amount of the displacement In the reverse direction is 1 foot. 4

2c) Effect of Nose Shape

The maximum shear stress concentration in the meediumn at the tip ofa sharp-nond bomb such as a 1600 AP bomb (cIber radius head 2.0)or a 25,000 SAP bomb (caliber radius head .5) approaches infinity because
S~~~~~~~the load approacehs point loading. (See FIg. 163.) Bcueo h xrml.high stres concentration locally at the tip, the r* sokfas epl t icflowand the sa0pe of the maximum shear contours is distosted from a circular

• 4 form to the form shown in Fig. 167. The net effect of the sharp nose is toSr t a u im t and to modify the trs dstrlbu.tion in the medium because of platicur t the n 1ee.tip.

2c) Effect of Bomb Diameter
As the croe-seetlonal area or the diameter of bohbs strikin andpenetrating into a rock surface is inread, the volume of rack that is

placed un2er str is (aliber rad eaad 1. wll be obearvd by re-thr ringto Figpr i n , adig. the stres.d rock et he erable
distance laterally beondloth aides oftip, tmrbe. rofril oryeras in bothinstances is at a distance approximately eql co to the diamoted of the bombbeyond the outsde of the bomb. Thu, the net effect of tneasrin the
diameter Of the bomb is to nrsehsn the voiume o n t o ek undf e s tress inproportion to the ratio of ncelas in diltamter. 

,
The combined efect of an inrea s In the diameter of bomb and a

deraein the shrns of the nose upon the degre ci fagmentat/on

cerater ifntoA m 5rlae IOfetaoeteDki adtn
targeta Fu re c surac is aincororapedo the a vorlturaer of roc thP 3 ib

0rleased under ferets aboliewthe inreasd At will be observed tha th fnees

of the muck pile due to impacT of thiN OP bomb fs mui reaster than
~ ~ ~~~d a e e of the• bom is to increas th volum of .oa un e k.. . . . . ... -w in.. , "'••!-
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(a) Zuni Granite
impact Energy 44.42 'x 10- Foot-Pounds

(b) Zuni Granite
impact Energy 43.89 x I&- Toni-Pound-

The influence of R kg, Type U prt rgmentation
2000 SAP Bomb; RlaeAtitde 30,000 Fee
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that due to impact of the 2000 SAP bomb. The increased fineness Is a
measure of the increased resistance to penetration caused by the increase
in diameter and by the decrease in sharpness of the nose. A similar effect
was observed for bombs striking granite.

2e) Effect of Physical and Elastic Properties of the Rock

The difference in the amount of fine material in sandstone and granite
when two bombs of the same type are dropped from the same altitude
may be observed in Fig. 177. Figure 177a shows the appaet crater and
the fragmentation of Zuni granite produced by 2000 SAP Bomb 17 re-
leased 30,000 feet above the target; Fig. 177b shows the apparent crater co
2000 SAP Bomb 30 released at 30,000 feet above the Dakota sandstone.
The degree of fragmentation of the sandstone is much less than that of
the granite.

The difference in fragmentation is due to the difference in the phys-
ical and elatic properties of the rock. The granite has a much greater
tensile strength (1905 pounds per square inch compared with 63 pounds
per square inch), a much greater compressive strength (24,565. pounds per
square inch compared with 5015 pounds per 3quare inch), a much ater
impact oughness (54.8 foot-pounds per square inch compared with24.95 foot-pounds per square inch), and a much greater scierescope hard-
"ness (94.11 compared with 20.74). There can be ittle doubt that the graniteis the stronger rock if the foregoing physical properties of the rock are
criteria, but the fact remais that the degee of damage to the granite is

Smuch greater than to the sandstone. It is inconsistent to maintain that a
"weak rock will be damaged to a lesser extent than a "strong" rock.

Consider now the results of the triaxial tests and the variation in the
so-called "elastic constants" in the higher stress ranges. From the triauial
test data (see pp. 71 to 74) it has bken shown that the equation giving
the relation of the principal stresses at failure for Dakota sandstone is

S:= 7110 + 8.68* (1)

and for unweathered Zuni granite is

"w 24,860 + 5.ea. (2)

where

S,= the longitudinal 1inclpal stress at fallure, pounds per square inch
16= the later,' principal stress at failure, pounds per squau•a inch.

.Fror- inspection of the two equations it is apparent that at some staep4
as tl.; lateral load is increased, the louiatudlnal principal e at failur
*,c sandstone will be as pet as that foi granite. The lateral
stres can be Iomputed at this stage by solving the two equatloir im-ul-
taneously, and equals

Se= 5 M pounds per square inch.

<p _W
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Substituting this value in equation (1) and solving for S, we obtain

S 1= 7110 + 8.63 x 5698
S, = 56,240 pounds per square inch.

If the lateral stress Sa becomes greater than 5693 pounds per sqaare
inch for any given bomb load, the sandstone can withstand a greater axial
load than the granite. Below a value of 5693 pounds per square inch for
the lateral stress, laboratory tests show that the granite is stronger than
the sandstone.

The reason for the increased strength of the sandstone compared to
the granite is the difference in the elastic properties of the two rocks. As
the strength of the rocks increases with increasing load, the fragmentation
decreases and the resistance to penetration increases.

The evidence relative to variation in fragmentation of the rock upon
impact of an inert bomb, as presented in preceding pages, is summarized
as follows:

1) For a given type of bomb dropped on a given
type of rock the amount of fine material in-
creases with the impact energy of the bomb.

2) For a given type of rock and a given impact
energy the amount of fine material decreases asthe sharpness of the nose increases, but increases

as the cross-sectional area of the bomb increases.

3) For P given type of bomb dropped from a given
altitude with a given kinetic energy, the amount
of fine material depends upon the elastic prop-
erties of the rock and upon the stress range rather
than upon the compressive strength as deter-
mined by a simple compression test.

$-Cr•shing Failure as Related to Depth

Two factors combine to cause the zone of crushing failure to diminish
with increased depth of penetration. First, the kinetic energy of the bomb
decreases as work is expended upon the medium. Second, the strength ofthe medium Increase with depth because of increased lateral confine-

menit. The effect of the second factor-increased strength of the mediumwith depth--is illustrated in Fig. 78. In the figure, three su•-esslve
$ stages ox penetration of a model 2 • boblong a prototype pathin gelatin model materiel are shown. The mottled, black and grey area

" adjacent to the bomb coresponds to the zone of crushing failure, and is
a result of filure of the model material. Beyond the mottled area, the
material behaves in accordance with the stress-optic law. In Fig. 17a the
nose of the bomb is burled, the depth of penetration ii less than one-half
the length of the model bomb, and the zone of crushing failure is largest.
In Fig. 178b, the depth of penetration equals the length of the bomb, and
the zone of crushing failure at the nose of the bomb has diminished con.
siderably. In Fig. 173c, the depth of penetration equals one and three-

'Ik

"L, -

',• .I



-I---

'S.

.1** . I
184

0

.0

a

*

h

a

t I



185

I - (c) Penetraiton 1% 1

I> . Fig. 176

Crusinsrailrt s Related to DePth

.................................................m



186

M11179
Crushed Zone in lootwall ot 2000 SAP Bomb 11

Altitude of Relesue, 9200 Feet
Target. Zuni Granite

A



Bomb Penetration Project 117
Part F-Section I

fourths times the length of the bomb, and the zone of crushing failure at
the nose of the bomb has diminished so that it is barely visible.

In the discussion of the stress distribution in the medium, (see pp.
155 to 168) it was pointed out that compression was maximum in the
region adjacent to the nose and In the region at the tail of the footwaUl
side of the bomb. The photograph, Fig. 179, shows the zone of crushing
in the footwall of Bom 11, a 2000 SAJP bomb released 9200 feet above
the granite target. The thickness of the cruhhed zone in the footwall of
the bomb at the position of the 6-foot rule is 0.4 foot.

Figure 180 shows the mold of the nose of 25,000 SAP Bomb 19 in the
Zuni granite. The thickness and distribution of the crushed rock is appar-
ent from the dark zone in the photograph. At the extreme tip of the nose,
the crushed zone is less than I inch thick.

The laboratory evidence and the field evidence substantiate each other
and support the theory that the strength of the rock and the resistance to
penetration increase with depth.

CruaeW Zone at Mn os f 31,000 5AP Bomb 19
Altitude O 10104s10 1,900 Feet
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4-Falluro in Combined Shear and Tension

Failure of a rock mass due to the penetration of a bomb is character-
ized by three separate zones of failure. These three zones will be referred
to as the "zone of crushing," the "zone of shearing," and the "zone of ten-
sion slabbing." In general, the zone of crushing lies nearest to the bomb,
the zone of shearing begins at the zone of crushing and extends out-
wardly to the zone of tension slabbing, and the zone of tension slabbing
extends to the surface. Rock failure proceeds concurrently with the
advance of the bomb. The tip of the nose of the bomb marks the limit of
rock failure in depth.

The "scabbing limit," as described in connection with penetration of
projectiles into reinforced concrete slabs, is directly related to the zone
of tension slabbing. The distance between the nose of the bomb and the
rear face of the concrete slab where scabbing begins is perhaps equal 'to
the critical depth as defined in the Report of the Colorado School of
Mines' in connection with effect of explosive blasts upon rock. Similarly,
the distance from the tip of the bomb to the extreme limits of the uplift
area surrounding the visible crater of a bomb is related to the critical
distance.

The resistance to rock failure and hence the resistance to penetration
increases with depth. At some point a manner of rock failure beghis that
is referred to as "tunneling." The point at which tunneling begins marks
the limit at which plastic flow predominates over failure of the type
described in detail in the following pages. Tunneling is beyond the stope
of this investigation, for the region in which tunneling Is most apt to
predominate is the field of extremely-high-altItude bombing, using very
large bombs. From the field evidence it appears that tunneling of a
25,O00 SAP bomb in granite begins at a release altitude above 18,000 feet
"and below 26,000 feet. Perhaps the point at which tunneling begins in a
function of the elastic properties of the rock, the kinetic energy of the
bomb, and the shape of the bomb.

* 4a) Characteristics of the Zone of Shearing

The term "zone of shearing" is used here to designate a zone in which
fragmentation is les intense than in the crushed zone, but more intense
than in the zone of tension dabbing. The term is not used in the sense
that the rock within the sone falls in pure shear. On the contrary, we find, little evidence to indicate that the criterion of failure Is any different In

the zone of shearing than in the zone of tension sdabbing. Failure is de-
pendent upon the stress distribution in the medium. In the zone of shearing
the stress distribution is influenced to a gester degree by the position of
the bomb than by the position of the surface. The zone of shaeeulj W
characterid by two st"ag of failure: one stage in which the roek saZ
because of the qhariy tranmintted from the bomb to the medium; the
other stqp in which-the energy imparted to the medium causes the rock
to burst Into the cavity behind the bomb as in a rock burst in a deep mine.
The energy with which the cavity falls causes rock to be carried upward
into the upsurge area (sea Fig. 88, also p: 84) and in some instances on
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into the atmosphere. The energy also forces rock from the zone of crush-
ing and rock from the first stage of "shearing" failure into fractures de-
scribed in following paragraphs as being within the zone of tension

The first stage of shearing failure is illustrated in the photograph,
Fig. 181. In the photograph, the horizontal level rod is parallel with the
line of flight. The stake and the other level rod are vertical. The band of
finely broken rock which extends diagonally across the photograph and
intersects the vertical level rod at 2 feet lies in a warped surface containing
the axis of the bomb and marking the path of the bomb through the rock.
The fractures in the rock above the path zone terminate at the path zonle.

The limits of the zone of shear ars arch-shaped in cross sections in
three directions. If the attitude of the planes of failure in the rock is

po -4
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compared with stress trajectories in the medium as illustrated in Fig.
169, it is apparent that the solid lines representing the a$ stress trajectories
which intersect the hangingwall of the bomb (see Fig. 189b, d, and f)
determine the attitude of one system of the planes of failure. The shear
zone viewed in a vertical plane containing the bomb path terminates at a
distance measured normal to the bomb and equal to the diameter of the
bomb. The shear zone does not progress into the footwall below the bomb.
The three principal directions coincide with the v, direction, the a# direc-
tion, and a direction at right angles to these two. In the three-dimensional
cue, the a, and of directions develop an interlocking system of natural
arches; and the third principal direction coincides with any one of a
series of radal fractures which radiate as planes about the axis of the
bomb.

Natural planes of weakness such as joints, faalts, and bedding planes
are present in most rocks. The attitudes of thi pre-existing planes of
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weakness influence the attitudes of the planes of failure which accompany
and permit the penetration of a bomb into rock. However, in the abeance
of pre-existing planes of weakness, the attitudes of the planes of failure
resulting from the first stage of shearing failure coincide with the princi-
pal directions.

The second stage of shearing failure is illustrated in the photograph,
Fig. 182. This second stage Is referred to here as the "rock-burst" stage.
The view In the photograph Is looking toward the footwall of the crater
of Bomb 17 ina direction opposite to the line of flight. What at first $lance
appear to be a boulder is In reality evidence of the failure of a uniform-
t granite In the footwal of the bomb path. The xplanatIon offered
here Is that the energy imparted to the rock by the Impact of the bomb
is released from the rok with explotive violence ater the bomb haspassed. The strain-energy stored momentixlly in the rock Is released
into the cavity behind the bomb. Small individual piece of rock from

the footwall region appear to have disintegrated from a central nucleus.

This observed feature has a bearing upon fundamentals of rock failure
and of rock bursts, and upon the oriin of dusts and the extent of con-
tamination associated with underground atomic bursts.

4b) Characteristics of the Zone of Tension Stabbing

The zone of tension slabbing is characterized by three sets of fractures
referred to In the field as "0" cracks, "I" cracks, and "R" cracks. The term
"0" crack originated from the first letter of the word "onion," because
of the recurrent, more or less concentric, shell-like pattern of the fractures.
The term "I" crack originated from the first letter of the word "inward,"
because of the inward dip of the fractures toward the point of Impact. The
tarm "R" crack originated from the first letter of the word "rdial, because
of the radial strike of the fractures about the point of impact.

Figure 183a is a photograph of the craters of Bomb 8, a 1000 AP bomb
released 30 00 feet above the granite target. The stadia rod marks the
line of flghat, snd the photograph was taken from the 6 o'clock position
looking toward the hging-will of the pa.th of the bomb. oEavation C
h. pro.eeded to a deth o6.8 feet, bu~the rear end of the bomb has

sne view Is frm the t o'c oc p ostlo , w b• e I nearly ed right an les
to the l of flight. The re t nature aond the ireula, e�te rflae

&are e~etas "a"creeks, TU Itcracks an DerpeDOeUlar totheO0
crcsand radiate about the point of impact. The alat oc reesrferre

toas "I"ouaks do not ohm inelther thotograoh.In plan vl~w the I
creche- appear n a series of concenftr circles. Mae outer circle define the
l1t 4d -do uplft wara ci the limit o the true crater. The I crek dip
-tw ww h pointts r of ipact, bfut9inwarddip s du e t II

Upon analysist can be shown that the attitudles of the 0 ctracks, the I
cWeaks, MA the a cracks coincwide with the three directions of maximum
prinipa stes The pdinipel stress directions change as the bomb pams-
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trates deeper into the medium. The attitude of the fractures depends upon

the stress distribution at the instant at which the fracture is formed.

5-A Theory of Rock Failure

The sequence of failure and the zones cf failure described in pre-
ceding paragraphs are illustrated diagrammatically in Fig. 184. In Stage 1,
crushing failure predominates. In Stage 2, the zone of crushing is sub-
ordinate to the zone of shearing and the zone of tension slabbing. The
ratio of the radius of the crater to the depth of the crater (r/d ratio)
reaches a maximum. The zone of shearing failure extends into the hanging-
wall of the bomb path a maximum distance not greatly exceeding the
diameter of the bomb. 0 cracks are a part of the system of fractures
within the zone of shearing, but progress beyond the zone of shearing.
The I cracks are normal to 1he 0 cracks. The displacement accompanying
the surface bulge is such that the individual I cracks widen with depth, but
the near-surface I cracks are larger than those at successively greater

depths. A third system of I-:tctures, referred to as "R" cracks, is present
in the zones of shearing and tension slabbing, but these are perpendicular
to the other two systems of fractures, and radiate about the axis of the
bomb. In Stage 3, the r,,d ratio diminishes because of increased resistance
to rock failure with increased depth. The decrease in the r/d ratio is
accomplished by a reduction in the extent to -which the fractures that
characterize the zone of tension slabbing extend beyond the zone of
shearing. The rock-burst zone is confined principally to the footwall of
the bomb path and to the region substantially below the ground surface.
The downward advance of the rock-burst zone follows the release of
compressive stresses in the medium at the tail of the bomb equal in mag-
nitude to the compressive stresses in the medium at the nose of the bomb.

Criteria of rock failure upon which the theory of penetration is based
are as follows:

V.i I-At the instant of impact, the compressive strength of the rock as
determined by a single compression test determines the "threshold value"
at which penetration begins.

2-As rock failure proceeds, the strength of the rock is increased be-
cause of the increase in lateral confinement with depth. The increase in
lateral confinement is dependent upon Poisson's ratio of the rock mass.
The envelope of rupture, or Mohr's envelope, as determined in a triaxial
testing machine, is a measure of the increased strength of the rock.

3- -The increase in lateral confinement at any given depth of pene-
trastion depends upon the vertical component of force applied at the nose
of the bomb in a direction parallel to the axis of the bomb. This vertical
component of. force results in a vertical stress in an element of the medium
equal to P,, and a corresponding horizontal component of stress, P.1 , which

4 J",. WkWF-
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i:. a measure of the resistance to penetration. The relation betLween 11:1
and P, is as follows:

where

P.,= the stress acting horizontally at the tip of the nose
I P, = the stress acting vertically at the tip of the nose

m = Poisson's ratio.

4-The attitudes of the planes of failure in the zone of bihear and the
zone of tension slabbing coincide with the three directions of principal
stress at the instant of failure.

5-Plastic failure of the rock occurs particularly at the tip of the nose
of sharp-nosed bombs, arnd in the region of failure referred to here as
"the region where tunneling begins." In this region the fundamentals of
failure have not been investigated.

'Al
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SECTION f--THE INFLUENCE OF GEOLOGY AND

TOPOGhAPHY UPON EATION

I-T• e ldflm .a .1 Cove

A moderately thick cover over granite may have an entirely different
effect upon penetration than the same cover over sandstone. Soils con-
taining much clay-sixe material and much organic matter ar apt to
accumulate over granitic rocks wharme sandy soila an maon apt to
accumulate over sandtone ro;A. Chemical Agents of weathering are
more abundant In the soils formed In place over granite than ove smnd.
stone. The thickness of the wether soeo in rock below a solt cover
containing abundant agMts of weatherig increases as the soil thickness
increases. Penetration is more easily accompl d In a weathered and

r deompose rock than In an unated one. If, a is common at
sHanatWast, the soil is relatively free from *aenta of weauhing, then
the penetration of a bomb into the rock below the soi cover is more
difficult.

It is desirable, thsrafor. nseleoting a site In which opmin r to
be driven fr u defes, to v&%Wwas of thick-" ova and
areas of aep eweft A thi cover of windblown sand Is am oh.
jectionable tha a thick cover ad salo that has beat fmued in pleas. Flat

mops z bo/rota of tbo M~oa ofmb sl m o ov an then

"The qustio* aim us to wbter oruot the scil Go v",a• he
rqmoved O• shld be left above Zt W•iws round s a sorer
should ot be renoved Under a lumsta es. e
protection for t as i dMa; ad the ftr t
of soil above terk tonea damegew ofteaub fntherok."W

sol owprvVid" s pace for they Ilsal davatcsol bos~enk and

itmposslbe for to Pentrt into the, e = Vt t is
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might have identical physical and elastic properties, may differ greatly
because of the relative attitude and relative abundance of geologic planes
of weakness. The variation in behavior is responsible for the dispersion
of the penetration data. The dispersion in a rock such as granite is greater
than the dispersion in a rock such as sandstone, because of the greater
variation in the geologic properties of the granite.

Geologic planes of weakness such as joints, faults, and bedding planes
influence the path of a bomb, and, depending upon their attitude and
abundance, may either increase or decrease the depth (if penetration. The
attitude of the planes of weaknesses relative to the path oif the bomb
determines the direction of deviation of the bomb.

The effect of joints in the rock upon the path of a bomb depends uporn
the attitude of each individual joint relative to the line of action of the
bomb. Stress is relieved by joints having the same attitude as the theoreti-
cal attitude of the planes of failure (see Fig. 184), and a new fracture is
not formed. Any joint within the stressed area disturbs the stress distri-
bution in comparison to that in a homogeneous isotropic medium. The
presence of joints, faults, bedding planes, or other geologic planes of weak-
ness causes both the shape of the shear contours as presented in the
mathematical analysis (see Figs. 148-151) and in the photoelastic analysis
(see Figs. 166-169, 171-174), and the shape of the principal stress contours
as presented in Figs. 154 and 155 to be modified. Probably the effect of
"jointing is to relieve stress and to reduce the distance from the point of
application of the force to the principal stress contour compared to that in
a homogeneous, isotropic medium. Because penetration is the result of rock
failure rather than rock failure being the result of penetration, the path
of the bomb deviates in the direction of least distortion of the principal
stress contours.

The effect of jointing upon the shape of a crater and upon the path of
a bomb in rock is illustrated in Fig. 185. The effect of intersecting joints
upon the shape of the crater and upon the path of a bomb in granite is
illustrated in Fig. 185a, a plan and cross section of crater 16 in granite.

Where, as for Bomb 16 (see Fig. 91) and Bomb 13 (see Fig. 92), the
joints dip inwardly toward the point of impact of the bomb, both the bomb
and the wedge-shaped mass of rock are likely to be removed before the
energy of the bomb has been expended.

Figure 185 b is a plan and cross section of crater 33 in sandstone, which
illustrates the effect upon the path of the bomb and upon the shape of
the crater of a system of parallel joints which dip steeply towards the
point of impact of a bomb and strike at right angles to the line of flight.
A similar effect may be observed by referring to the shapes of the craters
of Bombs 21, 29, 33, 37, and 47. The craters are elongated in a direction
parallel to the strike of the joint system. If the strike of the jo,*nts is at
right angles to the line of flight, there is little deviation of the bomb from
the line of flight in the plan view. The effect of such jointing upon the
vertical deviation is to cause the path of the bomb to be steeper than
normal.

The photograph, Fig. 186, shows the base plate and enough of the tall
.of Bomb 7 to indicate the steep dip of the bomb. In this instance the angle

wi
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of fall at impact was 72 degrees. The inclination of the axis of the bomb at
maximum penetration is 87 degrees. The shape of the path is a compound
curve. In the upper part of the path, increased resistance to penetration
caused the bomb to flatten until the hanging-wall of the fault zone, visible
in the photograph, was reached. The fault acted in the same manner as
the jointing of Fig. 185b, to distort the shape of the principal stress con-
tours and to cause the nose of the bomb to be deflected towards the weaker
rock.

Figure 185c is a plan and cross section of Crater 32 in sandstone, which
illustrates the effect upon the path of the bomb and the shape of the
crater of a system of parallel joints which dip in the same direction and
at approximately the same angle as the angle of fall. The effect is to
minimize the vertical deviation of the bomb and to elongate the crater in
a direction parallel to the strike of the joints.

Figure 185d is a plan and cross section of Crater 26 in sandstone, which
illustrates the effect upon the path of the bomb and the shape of the
crater of a system of steeply dipping joints which strike obliquely to the
line of flight. The effect in this particular instance is to cause the bomb
to deviate in plan view towards a direction parallel to the strike of the
joints.

The net effect of faults and steeply dipping joints is to increase the
vertical penetration by reducing the vertical deviation. On the other hand,
horizontal and flat-dipping joints, bedding and cross-bedding planes, mud
seams, partings, and root-filled cracks reduce the vertical penetration by
distributing the load and by increasing the vertical deviation.

The abundance of horizontal planes of weakness in bedded rocks
such as the Dakota sandstone is far greater than in igneous rocks such as
granite. The photograph of Crater 26, Fig. 187, shows the nature of the
bedding planes in Dakota sandstone. Each bedding plane is marked by
a mud-filied seam or by the presence of finely crushed rock forced into
the cavity from the rock-burst area. In many instances the seams contain
an abundance of roots. The effect of the bedding plane is two-fold. First,
the mud-fi.1ed seam is compacted and the mud or shale fails plastically.
The load upon the overlying sandstone at failure is increased by plastic
deformation in the bedding planes below, and the load is distributed over
a broader area. Second, the natural plane of weakness at the bedding plane
functions in the same manner as described for joints to relieve stress. The
stress relief disturbs the stress distribution as previously explained, and
increases the vertical deviation of the bomb. The photograph, Fig. 188,
shows the vertical and the horizontal deviations of 1600 AP Bomb 24 from
the line of flight. The bomb was undisturbed during the excavation. The
flat inclination of a sharp-nosed bomb such as a 1600 AP bomb at shallow
penetration and the flat-bottomed crater are characteristic of craters in
the Dakota sandstone.

S-4.Cmspauls of tek Masik Properties of Dakota Sandstone and Zuai
Granite as Related to Penetration and Path Shape
The photographs, Figs. 189a and 189b, compare the rebound distenc•s;

of a 1600 AP bomb striking granite and striking sandstone. Figure 189a
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shows the rebound distance of the nose of Bomb 8 released 30,000 feet
above the granite tagt and striking with an impact eneryo 40.14 )C 106
foot-pounds. Figure iP81b shows imuch grester reboundudisane from the
bottom of the crater of Bomb 25 released 9200 feet above the sandstone
target and striking with an impact energy of 18.22 X 104 foot.
pound(. The greater rebound distance is perhaps due to the much
-greater strain energ stored in the sandstone than in the granite. The
phenomenon cannot.b predicted from the results of a simplecopssn
test, nor from the rebound us measured using a Shorescreop.ntad
the energy absorbed per unit volume of rock when th rock is streased to
the. elsilmt under lateral confinement appears to govern the rebound
distance.

The much greater rebound of the bomb in sandstone than in granite,
even though the energy of Impact is lees than half as great, is significant
In two respects. Firs, from the viewpoint of the attack, litthe bomb was
fised to detonate after rebound, the greater rebound In Dakota sandstone
would have the same effect as substantially decreasing the depth of
penetration. Second, from the viewpoint of defense, the greater rebound
in Dakota sandstone would decrease the coupling factor and thus reduce
the efficiency of the explosive bleast In producing the ground shock. The
degree of damage to an underground opening in the Dakota sandstone.
would thus be diminished.

If the combined effect of the flat-lyn.bedding planes and the leater
resistance to peetration in Dakota sandson than in Zuni granite are
Consideredi It apparent that the path of a bomb designed "n released
so aNS to effect subsata pnetra~lon in rock would curv much more
sharply in Dakota sandstone than in Zuni granite. Thus, the stresses inthe medium a tthe tall of the bomb (se* pp. 1i4 to 108 and Fig. 101b) woud
be greater in Dakota sandstone than in Zuni granite. Cmnsdering this
feature from the viewpoint of attack, a bomb, *Ot#in Dakota swansone
would be much more susceptible to faiure at the rest end of the bomb
than a bomb striking Zuni granite. Therefore a strnge bomb would be
necessary, Considering the same feature from the standpoint of desnew
premature rupture of the rear end of the caigwouald result in reduaed
penetration and perhaps low-order detonation.Acorualy the degre of
damage to an underground installation In Dakota sandston wou" be

IS hnin Zuni granite because of the lower order detonation, greater
rebound, and reduced coupling.

The fundamental diffsrence between the DkO*a sandsone and the
Zuni granitt. is the increased strength of the Dakot eandIeIpee es the

atclconfineent increases. The imoean d 0 is di di orn-
neotion wlth.tlt results of the triaulal ow=tes" (s p. 71ito
74). Purtheiinore, it has beeo pointed out In ocaunntims wOt h te
of rock fat~p (see pp. 198 to 104) that the lateral oalum enmitoI a
function ol floisson's ratio end of the euA&Illy~,~e a tes a *ot Ath
axially aO~d sftr where, the sandstone th m ear49 %

is boycand OAe raogp of U triaxial tests condueted. Asbordagl, t 4is

grninte in the region w tesnsoe i rawd"*Apv

At the indtent of impact of a bomb at the surfes al thes rook, the
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lateral restraint approaches zero and penetration is accomplished by
crushing. The axially applied stress causing failure of Dakota sandstone
as in a simple compression test is 5,015 pounds per square inch, and the
approximate value of Poisson's ratio for Dakota sandstone in this stress
range is 0.26 (see Fig. 68). In the same stress range the approximate value
of Poisson's ratio for granite is 0.18.

* Substituting thebe values in the equation

where
PI= the lateral stress
P, = the axial stress, and

mn = Poisson's ratio.

For sandstone,

0.26 )P-08P

For granite, P= 10 j ,-05P

PG 0.8 P 4MP

Thus, the lateal stress in the Dakota sandstone is 1.6 times that in the
I - Zuni granite.

aia tes 24 MA pounds pe WAreInh In this stel, the value

beyond the Mm*e m!ro- of Dakota sntoeTe iz uavalue at the
greatest strs range So, any specirven of Dakota mandtone is 0.37.
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Thus, the lateral stress in the Dakota sandstone approaches a maximum
of 2.1 times the lateral stress in the Dakota sandstone approaches a maxi-
mum of 2.1 times the lateral stress in the Zuni granite. The range in
ratios of lateral stress is from 1.6 to 2.1.

If the lateral stress is considered to be a measure of the resistance
to penetration of a given bomb in a given type of rock, then the depths of
penetration in any two types of rocks for a given type of bomb must vary
inversely as the lateral stress. For example, if the penetration in sandstone
of a given type of bomb is Xs and the penetration in granite is Xg, then
the relation must hold that

where

X.= penetration in sandstone

X.= penetration in granite

8,= lateral stress in granite

S.= lateral stress in sandstone

m,= Poisson's ratio for granite

m.= Poisson's ratio for sandstone

P,= axially applied stress.

"Specifically, for a given impact energy, the relative depth of penetra-
tion in sandstone equals

m (1 - M.) x
X.=__. mn. (1 -m,)"

and the penetration in granite equals

m. (1 -- m,) XX,=m ( --, .)

In Fig. 190 the path length of 1600 AP and 2000 SAP bombs dropped
on Dakota sandstone and or. Zuni granite are plotted against kinetic
energy, The numerical average path length and the weighted average
kinetic energy for each group of bombs has been determined and straight
lines have been drawn connecting the points representing the group
averages. In Fig, 191 the vertical penetration of 1600 AiP and 2000 SAP
bombs dropped on Dakota sandstone and on Zuni granite are plotted
agaiWnt kinetic energy, and straight lines have been drawn between
group averages as in Ig. 190.

From the data summarized in graphical form in Figs. 190 and 191
<i the ratio of vertical penetration in granite, Yg, to vertical penetration In

,):! ]:i - - •. .. .... ..
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sandstone, Ys; and the ratio of total path length in granite, Pg, to the
total path length in sandstone, Ps, have Cn computed. The data have been
grouped separately for each type of bomb and Is tabulated in Fig. 192.

Bomb Kinetic Energy Vertical Penetration Path Length
Type million ft-lbs

Y, Y. Y P.
P.. P.,

2000 22 3.38 5.03 1.49 4.05 6.91 1.70
SAP 34 3.72 6.41 1.72 4.56 8.21 1.80

44 3.62 6.50 1.80 4.23 6.88 1.63
1600 18 4.05 6.61 1.63 4.83 7.91 1.64
AP 30 5.23 9.22 1.76 7.95 11.40 1.43

40 4.85 8.55 1.76 6.16 10.05 1.63
Avg. 1.69 1.64

Avg. ý 1.665
Fig. 192

Ratios of Penetration in Zuni Granite and Dakota Sandstone
1600 AP and 2000 SAP Bombs

As m~ay be observed from the tabular data, the average ratio of verti-
cal penetration in Zuni granite to vertical penetration in Dakota sandstone
is 1.69. The average ratio of path length, P, in Zuni granite to path length
in Dakota sandstone is 1.64. The average of the two is 1.665.

The range in ratios of penetration is from 1.49 to 1.80. The range in
ratio of Poisson's ratio is from 1.6 to 2.1. For the stress range at which
failure occurs, m. is equal to 0.287 and m, is equal to 0.195, Solving the
relation

.X m, (I -- m)" mXm(1 -- m)

"it is found that

- _ 1.662

Thus the relation is substantiated by the field data.

The very important conclusion may be reached that vertical penetra-
tion and path length in any rock varies inversely as the lateral component
of stress in the rock in the strewt range at which failure occurs. If the path
length or vertical penetration of a given type of bomb at a given impact
energy in a given type of rock is known, the path length and vertical
penetration for the same type of bomb at the same Impact energy may
be estimated from the relation

"m, (I MO

7I
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where

X, vertical penetration, or path length to be estimated

X., corresponding vertical penetration, or path length determnied
experimentally at a given bombing site.

m_,= Poisson's ratio at failure stress of rock at known bombing site

i= Poisson's ratio at failure stress of rock at proposed bombing
site.

By making use of the above relation, it is possible to eliminate the
rock factor and treat all of the bombs dropped at the Putney Mesa Sand-
stone Site as if they had been dropped at the Zuni Granite Site, and vice
versa. Moreover, a means is provided whereby the penetration in any
specific rock may be predicted. It should be recognized that the petro-
graphic classification of rocks cannot be used solely as a basis of predicting
penetration, for the elastic properties may vary as widely within any rock
family, such as granite, as between families, such as granite and sandstone.

4-The Influence of Topography and Striking Angle Upon Penetration
. and Path Shape

As pointed out in Part C and Part D of this report, the path of a bomb

is influenced by the impact energy, the shape of the nose of the bomb, and
the slenderness ratio of the bomb. To these factors a fourth may be addedj
-the angle of impact. Upon analysis it becomes apparent that all four
factors are related to the manner of rock failure.

It has been pointed out in connection with the photoelastic analysis
and the mathematical analysis (Figs. 162, 164) that the stress in
the medium due to a concentrated load at the surface is the same
at a given distance measured along the line of action of the applied force,
regardless of whether the line of action is inclined or vertical. It is possible
"because of this fact to eliminate one variable, the angle of fall. In doing so,
the angle of fall for each bomb dropped during the tests was fixed at 65
degrees (or at approximately the average angle of fall) by an arbitrary
reference plane. In order to determine the effect of angle of impact upon
penetration and upon path shape, all bomb paths were referred to a line
of action at 65 degrees to an arbitrary plane.

Figure 193 shows the paths of the 1600 AP bomb in granite referred
to a common line of action. In refer; ing a bomb to the line of action, the
AB crater cross-sections (see Appendix) along the line of flight were
rotated to cause the angle of fall to coincide with the line of action. Thus
the "ground line" in Fig. 193 is a surface profile from the AB crater crosw-
sections. Each ground line is numbered according to the C.S.M. bomb
number and to the corresponding path number. Assuming that the arbi-
trary reference plane is horizontal, then Bombs 4, 6, and 8 represent uphill,
or up-dip, bombing, Bomb I represents level surface bombing, and Bombs
5, 9, and 3 represent downhill, or down-dip, bombing.

By inspection of the figure it may be observed 1) that the direction
of deviation from the line of action is towards the "free-face"' 2) that

.u i
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the magnitude of the deviation from the line of action increases progres-
sively for up-dip bombing and decreases progressively for down-dip bomb-
ing. Geologic control of Bomb 8 due to the presence of a lamprophyre dike
accounts for the only minor discrepancy in the order.

In Fig. 194, the several bombs of Fig. 193 are re-grouped into up-dip
bombing, level bombing, and down-dip bombing. The deviation, I., for
Bombs 6, 1, and 3, which are at comparable depths of inclined penetration.
is a visual measure of the decrease in deviation from the line of action
as the distance to the free-face decreases. The explanation for the decrease
in deviation for down-dip compared to tup-dip bombing, is that deviation
is a function of the lateral stress component in the medium, P.j. The
lateral stress component increases with the depth, and the resistance to
penetration increases with depth.

It may be observed by inspection of Fig. 194 that the vertical penetra-
tion, Y, does not take into account the slope of the ground as does the
normal penetration, N,. Accordingly, values of N, more accurately meas-
ure the penetration of a bomb than do values of Y. We conclude, therefore,
that values of N, should be summarized and presented as a part of the
analysis. Figure 195 presents the normal penetration of 2000 SAP and 1600
AP bombs in Zuni granite and Dakota sandstone in a form similar to Figs.
190 and 191.

The fundamental factor determining the path of a bomb in rock is
the manner of rock failure. It seems premature with the data available
at this time to explore exhaustively variations in the path of a bomb
caused by each of the four factors known to influence the path. It seems
more desirable to defer such study until the fundamental problem of rock
failure can be pursued further. The basic factor may be re-stated that
deviation increases as the resistance to penetration increases. Resistance to
penetration increases as the depth of the bomb measured normal to the
surface increases, and as the axially applied force on the bomb increases.
Within a certain critical range, the ratio of the normal stress, a,. to the.lateral stress, a,, (see Fig. 169) Is such as to minimize deviation and toS~cause penetration to approach a maximum.
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SECTION III--REVIEW AND ANALYSIS OF PENETRATION
FORMULAS AND DERIVATION OF THE LIVINGSTON

PENETRATION FORMULA

1-Review and Analysis of Penetration Formulas

Perhaps the first attempt to derive a formula for penetration was
made by Poncelet in 1829. Stsrting from Newton's second law, he stated
the fundamental differential equation of motion as

dllx
F =Mdt

where
F -. resistance of the material to penetration

M mass of the projectile

d2x
tr- acceleration of projectile at depth x, and time t.

Poncelet considered the resistance to penetration to be jointly propor-
tional to the strength of the material and the inertia of the material re-
moved from the zone of penetration. Under such assumed conditions, the

*4solution of the equation of motion was found by Poncelet to be:

X = P n.. (I+!Lv

where Zg
X maximum penetration
P -- sectional pressure
b inertia coefficient of the particular material
g acceleration due to gravity, feet per second per second

i form factor related ito the shape of the projectile

a a consI.Ant related to the shatter strength of the material

V striking velocity, feet per second
I - Peory, in 1910, assumed that the term b/a in Poncelet's formula could

be given a definite value for all materials. The Petry formula is expressed

fX =kPioaerm+. 1+-j00

where
X total path length. feetf ki a constant depeniding on %he material

-~ P emotional presence of the projectile (weight in pounds divided
by msazimwmn cross-sctional ares In square inches)

V ~ustriking velocty, feet per second
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Values of the constant, k, for various materials may be found in War
Department Technical Manual TM 5-310.

Both of the above formulas have a weakness in applying an arbitrary
factor, k. The objection to the k factor lies in two assumptions. The first
and more evident is the large variation in any specific property from one t
specimen of a particular kind of rock to another specimen of the same
kind, For instance, it is well known that some limestones are soft, easily
drilled, and friable and behave like a "weak" rock as ordinarily pictured.
Other limestones, however, are hard, tough, difficult to drill or crush and,
in general, behave like a "strong" rock as usually visualized. The factor
"k" will also undoubtedly vary widely, just as any other rock property
does from one specimen of a rock to another specimen of the same rock.

The second, and more serious weakness arising from use of a factor,
k, is that such a factor is not determined by any easily measured proper-
ties of the rock, and that it would have to be determined by actually drop-
ping bombs upon the rock and finding an average value of k. This is
obviously an expensive and time-consuming process. If the k factor could
be determined by measuring some properties of the i-ock in the laboratory
and combining them to furnish the k factor, value of the Petry formula
would be increased.

During the course of this project, an attempt was made to apply the
field data to the Petry formula and determine the k values for a Zuni
granite and a Dakota sandstone. Although the Petry formula was the best
of the many existing formulas tried, it seemed that a better formula was
needed.

In addition to the Petry formula, the following formulas were con-
sidered; I) the old NDRC formula, 2) the new NDRC formula, and 3) the
RRL formula.

The "old NDRC" formula is:

Y = 222P • d"VI. Vs 0

where Ol

y mvertical penetration. inche

P - sectional pressure, pounds per square inch

d - maximum bomb diameter, inches

"V striking velocity, units of 1000 feet per second

Y = lwhere a = ultimate compreslve strength of material.

The "new NDRC" formula is:

Y k*N ut" l*V, 1,0

I~ jit,1r-bow
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where

y - vertical penetration, calibers

k a "target" factor
N = nose factor = 0.72 + 0.25h

h = caliber radius of head = radius ogive divided by diame-
ter of bomb

d ;- diameter of bomb, inches
D - sectional density = weight of bomb divided by diameter

cubed
V striking velocity, units of 1000 feet per second

The "RRL" formula is:

where

y - penetration, inches

w weight of bomb, pounds
d diameter of bomb. inches i,4I
V - striking velocity, units of 1000 feet per secorn

S -.. compressive strength of material, pounds per square Inch
10.7

"Curves showing the JetWration as calculated from eack of the Pre-
ceding formulas were plotted. Arbitrary coastants in these formulseav
evaluated with rspewsntaUve values of penetratiom from the fheld data
The ultimate C rassivel . stroe h of the rock a deteriAned in the lab
oratory wax subeUtuted tor the ppropriate quantties in the "old NDRC"
formula and the "RRL" formula.

Of the several farmud, umne seemed to fit eur fied data, but the
Petrie formula came elamA.
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dropped at the sandstone site, so that they may be considered to have been
dropped at the granite :site, and so that bombs dropped at the granite site
may be considered to have been dropped at the sandstone site.

To construct a sandstone prototype curve, the vertical penetrations,
or the normal penetrations, or the path lengths of each of the bombs in a
group (if bombs of comparable impact energies dropped at both the sand-
stone and the granite sites are combined. An average kinetic energy for
the group is computed. The Pverage penetration, either Y, NR, or P, is
computed after converting each penetration of a bomb striking granite to
a corresponding penetration in sandstone. For example, Bomb 18, a 2000
SAP bomb striking granite with an impact energy of 34.98 X 1011 foot-
pounL~s, has a measured path length in rock of 6.40 feet. The equivalent
path length in Dakota sandstone equals

6.40 * 3.84 feet

Given a composite prototype Dakota sandstone curve, a composite
prototype Zuni granite curve may be constructed by multiplying any given
value of penetration by 1.665.

Figures 196, 197, and 198 are composite prototype granite and sand-
stone curves for 2000 SAP and 1600 AP bombs for path length, normal
penetration, and vertical penetration respectively.

3-Dakota Sandstone Prototype Rock and Prototype Bomb Curve

With the rock factor determined and the medium reduced to a proto-

type, it becomes expedient to eliminate the variables relevant to the prob-
"- lem which are functions of the bomb. With these variables-the diameter

and the nose shape of the bomb-removed, a prototype bomb is achieved,
and curves can be constructed for penetration of a prototype bomb in a
prototype rock. Rather than carry separate curves for granite and sand-
stone, only those curves for sandstone will be presented here.

3a) Correction for the Bomb Diameter

As a result of the photoelastic analysis, the mathematical anal sas,and the model bombinI experiments, it has boon shown (see Part F. eC.-I
tion I, item 2d) that the net effect of increasing the diameter of the bomb
is to increase the volume of rock under stres in proportion to the increase
in diameter. Moking use of this fact, it is possible to remove from the rock
prototype 1600 AP and 200E SAP curves one more variable-the bomb
diameter.

Aprototype bomb is 1.0 foot in diameter. A prototype SAP bomb is
an SA boemb 1.0 foot in diameter having a nose shape of the same caliber
"radius head a a 2000 SAP bomb. A prototype AP bomb is an AP bomb.1 .0 foot in diamieter that has a nose shape of the same caliber radius head
as a 1..0 AP bomb.



210Oa

I.--

0

KINETIC ENERGY (million ft-6s)

13 - - - -

II -G-ra to oto r j

IIE_
0
1 - 7 ----- -

-m 411 - - - a - -N-

j5 0-1 -----------------

44

KINETIC ENIEMY (mliia ft-lbe

-BSOMB PENETRATION PROJCT - C 9 M RESEARCH FOUNDATION, INC.

PAT LENGTH vs KE
V1BOO AP -2000 SAP

Fig. N S-iL PROTIOTYPE ROCK

iiFig. 196



21 Oh

G4 ±0 Pro !ot

4.---
_--4

Is 922 30 34 36 42 46
KINETIC ENERGY (million ft-lb.)

13*

44D

-MOMS PENETRATJON PWOJCT- C S M RESEARCH FONODATION, IN0.

3:11 - 1MM AP - 00 KE

PROTTYPEROCK Fig. 197

P1



Grimts Proloty

6

5I

z

So dstc me Iroto, y -

22 26 30 34 39 42 4
KINETIC ENERGY (million ft-lb.)

6 d

-3- -

KINETIC ENERGY (milis. ft-Its)

- 3MB PENETRATION PROAEC- C 8 M RESEARCH FOUNDATION, INC.

F'VETI PE-MT vs I - -<



210(d

--- L--

200000
0~~~'goo

000p

1. __ _&&0f 00"fý &

z00e
0.5-------------------------

0 9.0 8.0 3.0

Caliber Radius Head

Note: NMm Factors ore Valid only at energies
at which the cooing does not break

-6M SMS EWTRATOON PROJECT- C$ SM ESARCH POUNOATMO, WCS

k......... Dt *- MMS CORRECTION FACTORS

PigN..4NN. S...*L..CAUSER RADIUS WEAD

tV ~ ___ __ __ ~Fig. 199



210e ~ I

.. rftlc I

wI

--- TW - M- - 8 IN -NCA - O AM - - -

aoIw &a 2s 523640 "

-sas Mvmou "oal V so" u R=i~uwa~w a
PENTRAIO vsKINTIFENR%

oil ZIff 1*77



Bomb Petnetration Prnjert 211
Part F-Section III

To correct for the bomb diameter, with the prototype rock presumed
to be Dakota sandstone, the penetration obtained for each group average,
as recorded by the sandstone prototype composite curve, is multiplied by
the ratio

dt,

where

d., the diameter of the bomb dropped during the field experiments
d,, - the diameter of a prototype bomb having the same nose shape

Thus, to correct for the bomb diameter for the 2000 SAP bomb, multi-
ply the path length, normal penetration, or vertical penetration obtained
from Figs. 196. 197, and 198 respectively by

di, 18.76
-7, 1=8 1.563 feet

To correct for the AP bomb, multiply the respective quantities by

di, 14.00 1.167 feet

3b) Nose Correction Factors

The eftect of the nose shape of a bomb is to modify the stress dlstribu-
tion in the medium. Plastic failure occurs at the tip of a sharp-nosed bomb;
thus both the amount of crushing and the rale at which energy is absorbed
by the rock are reduced. The shape of the nose of a 2000 SAP bomb was
chosen as a prototype shape and assigned a nose, correction factor of 1.00.
The caliber radius head of a 2000 SAP bomb is 1.49. The caliber radius head
of a 1600 AP bomb li 2.00, and the caliber radius head of a 2000 GP bomb
is 1.28. Theoretically, the nose correction factor for a sharp-nosed AP bomb
should be greater than 1.00, and the correction factor for the round-nosed
(GP bomb should be les than 1.00.

The nose •orrection factor for AP bombs is obtained by constructing"."prototype rock-prototype AP bomb" curves and dividing the penetration
of the APprototype bomb by the penetration of the SAP prototype bomb.
Figure 199 gives tentative noae correction factors for bombs of caliber
radius head .00 , 1.28. and 1.56 (25,000 SAP), which, because of the com-
paratively small number of bombs dropped in these tests, should be con-
sidered only approximate.

Figure 300 shows "prototype rock-prototype bomb" curves for 3000
SAP and I100 AP bombs for path length, normal penetration, and vertical
penetration In sandstone. As is evident, these are the prototype rock
curves (FIg. IK 17, and IN) corrected for the bomb factors; in other
words, penetration of a prototype bomb in a prototype rock.
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4-Relation of Sectional Presoure and Sectional Density to Penetration
in Rock

Penetration formulas currently in use and developed as a result of
experiments with soils and concrete may be grouped into two classes. One
group considers penetration to be a function of sectional density

where

w

D sectional density

w weight acting at the center of gravity of the bomb, pounds

d =diameter of the bomb, inches

The other group considers penetration to be a function of sectional
peressure

P sectional pressure, pounds per square inch

A cross-sectional area of bomb, square inches

Model bombing experiments conducted in the Barodynamics LAbora-
tory of the Mining Department of the Colorado School of Mines and de-
scribed in Part E, Section I, have shown that penetration is independent
both of sectional density and of sectional pressure.

However, both the quantities w and d influence penetration, but not in
- the same sense as implied by previous investilators. The weight of the

bomb w and the striking velocity determine the impact energy. Impact
energy is related to penetration, but the relation is not a simple one, be-
"cause the resistance to penetration increases as the axially applied force
increases. As the diameter of a bomb striking rock increases, the volume
of rock that is stressed increases. Penetration is accomplished by rock
failure, and the stress distribution in the medium determines the manner
of rock failure. Penetration varies inversely as the bomb diameter,

5--laceesed Resisasa to Pemetratioe as a Tuaciona of Dept•h SrtIkhg
Vowese"• d rlaW Zn0rgy

Field observations, laboratory work, and theoretical considerations all
point to an increased resistance to penetration with increased depth of
rock. This is tantamount to saying that the rock is "stronger" at depth.

The increased strength of the rock at depth ass result of the impact and
penetration of a bomb is analogous to the increased strength of a rock speci-
men, subjectod to a triazial compression teat, if the lateral confinement Is
increased. Figure U0 shows how the axially applied stres, S1 , at failure
Increases with the laterally applied stre", S,.

i7.
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If it were possible from existing knowledge to convert a dynamic load
to an equivalent static load, and if the relation between the axially applied
stress, P 1 , and the lateral stress, P:, were maintained so that

P.r =!--P,

where

m = Poisson's ratio at stress range P1

and if P, were known from impact to maximum penetration, it would be
possible to write an equation for penetration without resorting to the use
of empirical data. Unfortunately, fundamental research has not yet prog-
ressed to the extent where this is possible.

At impact, the energy of bomb causing rock failure and penetration
is maximum. The energy decreases as rock failure proceeds. Thus the
energy of the bomb decreases with depth, and the strength of the rock
increases with depth. Any formula relating penetration to the other var-
iable terms must include a term that expresses this "effect of depth"
phenomenon. Until fundamental knowledge beyond that currently avail-
able is gained it seems necessary to express the "effect of depth" phe-
nomenon empirically.

$--The Livingston Penetrattoa Formula

In the Livingston Penetration Formtua. which is presented in the
following paragraphs, the "effect of depth" phenomenon and the impact
energy are combined in a "Q" term which depends upon the impact
energy.

In previous paragraphs the rock factor, the bomb diameter, and the
nose shape factor have been eliminated successively as variables, and
generalized "curves" (see Fig. 200) established which are referred to as
"prototype bomb-prototype rock" curves. The photoolastic analysis, the
mathematical analysis, the physical rock tests, and the model bombing
experiments provided the theory upon which the "prototype bomb-
prototype rock curves are based. A 1.0-foot-diameter bomb having anowa shape of the smie caliber radius head as a 2000 SAP bombh is definedas a prototype bomb. Dakota sandstone is established as a prototype rock.

These generalized "prototype bomb-prototype rock" curves have boen
based upon group averages, and the groups have been determined largely
from the results of bombing from 9200 feet, 18,000 feet, and W10,00 feet
above the target. The points between group average.; have been connected
by straight lines. As is evident from Fir. 200, the values for vertical pene.
tration and normal penetrat!, a of a prototype bomb In a prototyFi rock
do not differ greatly. As previously stated, the normal penetr 'tion is
thought to be a more exact mure of penetration Uthn the vertical pene-
tration. For theme reasons it seems advisble to confirie the investigation
to normal penetration and to path length.

The formula for the "prototype bomb-prot. ype rock" curves, sad the

e 
, I
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effect of the kinetic energy and increased resistance to penetration at
depth, can now be stated as follows:

_. m. (1 --m,) N()m. (I ... m.) "N |

where

P = the nose penetration of any type of bomb in rock X, feet
N the nose factor. A term that expresses the effect of the

shape of the nose upon the stress distribution in the
mt-dium. (See Fig. 199)

d - the bomb diameter, feet. A term which states that pene-
tration is inversely proportional to the volume of rock
undi.- stress.

Q the nose penetration of a prototype bomb in a prototype
rock, feet. A term which is determined empirically and
which is a function both of impact energy and of in-
creased resistance to penetration at depth.

m. Poisson's ratio at the stress range (5000 psi) at which fail-
ure occurs in simple compression for Dakota sandstone.
the prototype rock.

In= Poisson's ratio of rock X at the same stress range
(5000 psi)

m. (I - in.) the rock factor. A term which states that penetration
m. 077- m7 varies inversely as the lateral component of stress in-

duced in the medium as a result of the axially applied
stress.

It is desirable to simplify the form in which the rock factor is stated.
This simplification is possible because values of Q are based upon the
prototype rock, which is Dakota sandstone. At the strew range at which
allure of Dakota sandstone occurs in simple compression (5000 psi), the

"'value of m. as obtained from Fig. 68 is 0.287. Substituting this value in
.he lactor

"- m. (!l- m)

we obtain

Thus eqtuwion (1) may be stated in the form
(I -- M.)

P (2)

which in future paragraphs is referred to as the Livingston Ponetration
Formula.

Obviously, different measures of penetration are dependent only upon
the "Q" term. If it iF desired to compute tht rrmal penetration of a given

I.-'.
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type of bomb in a given type of rock. the Livingston Penetration Formula
takes the form

NR r--mn. N
NR 2.484 m, d NR (3)

where

N R = normal penetration of any given bomb in rock X, feet I
Q NR = normal penetration of prototype bomb in prototype rock, feet.

If it is desired to compute the path length of a given type of bomb in
a given type of rock, the Livingston Penetration Formula takes .he form

I-rm.. N
PRM- 2.484m, - Qp (4)

where

P path length of any given bomb in rock X, measured
RM- to the point of maximum normal penetration, feet

Q p- path length of prototype bomb in prototype rock, feet

Equations (3) and (4) can now be applied to each bomb dropped during
"the tests, including the general-purpose bombs that did not rupture and
including bombs released from altitudes other than 9200 feet, 18,000 feet,
and 30,000 feet. The resulting curves are referred to as "Q" cu.ves. Figure
201 gives values of QNR for various values of kinetic energy ranging from

14 million foot-pounds to 45 million foot-pounds. The range of kinetic
energies does not include the two 25,000 SAP bombs dropped during the
tests, but does include all others. As may be observed, the dashed lines of
the figure indicate the dispersion of the test data due to variations in
geologic propeeties of Dakota sandstone and Zuni granite. Ninety-five per
cent of all values lie within the zone between the dashed lines.

Figure 202 gives values of Q for various values of kinetic energy

between 15 million and 45 million foot-pounds. Values of Q from the

figure are substituted in the Livingston Penetration Formula to obtain
the length of the path of the bomb in rock to the point of maximum normal
penetration.

If the shapes of the "Q" curves, Figs. 201 and 202, are compared with

the laboratory results of the model bombing experiments the similarity
is readily apparent. For example, compare Fig. 201 with Fig. 127 in which
the normal penetration of a model 2000 SAP bomb in a Calseal mixture at
various impact energies is plotted. Compare Fig. 201 also with Fig. 130 in
which the normal penetration of a model 1600 AP bomb and of a model
2000 SAP bomb in molding plaster at various impact energies is plotted. A
characteristic feature of the field and of the laboratory results is the para-.i doxical behavior wherein penetration decreases with 3n Increase of Impact

energy in certain ranges.

.. .. 4
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When this behavior was first observed during the field tests it was
thought that a possible explanation might be that the bombs were unstable
in flight in certain ranges. In the interim report it was suggested that
there is a critical altitude for each given bomb type above which penetra-
ti3n decreases rather than increases. Upon completion of our analysis it
was apparent that there is a series ol critical points rather than a single
critical point. Over a broad range of impact energies, such as between
15 million and 700 miilion foot-pounds, penetration increases with an in-
crease in impact energy, but within a local range such as between 35
million and 41 million foot-pounds, penetration decreares rather than
increases.

Inasmuch as rock failure precedes penetration and permits the pene-
tration of a bomb into rock, rather than that penetration causes rock
failure, it appears that the true explanation for local decreases in penetra-
tion with increase in impact energy is that energy is stored or absorbed by
a rock mass between stages of rupture. Perhaps, if a large number of
bombs were dropped, the strair-energy relation might be observable for
each set of "0" cracks that forms.

7-Extrapolation of the Data

Although the hazords of extrapolation are recognized and appreciated,
it seems desirable to venture into the unknown. A total of 50 bombs was
dropped during the Bomb Penetration Project; 48 of the 50 were dropped
within the range of impact energies from 20 million to 45 million foot-
pounds, I was dropped at 514 million foot-pounds; and.1. was dropped at
683 million foot-pounds.

The trend of the Q NR curve threugh the range 20 to 45 million foot.

pounds impact energy and the maximum deviation above and below the
-• trend line, together with the trend of the Q pcurve and the deviation above

and below the trend line are shown in Figure 203. The "•NR and the

"values for bombs 19 and 20 and the same deviation as observed at the

lower impact energies are plotted in the figure. When the size of the
"unknown region is compared with the size of the known region, it is
a pparent that much work remains to be done in thc field of this investiga-
tion. However, Figure 203 serves as a means of extrapolating beyond the
range of the Bomb Penetration Pcoject to obtain values of Q and QNR,•to be substituted in the Livngston •Penetration Formula. P N

Based upon the change in slope of the "Q" curves at 540 million foot.
pounds impact energy, a tentative L'nit between the elastic zone and the
plastic zone is indicated in Fig. 203, It seems particularly desirable to
conduct further research in the plastic zone.

$.-Uu. of the Formula

The following example problems illustrate the application of Figs. 201,

-, . 202, and 203 to the Livingston Penetration Formula.
i " /:/' ... . " :• •" I
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Example I

What normal penetration and what path length in Dakota sandstone
is anticipated if a 25,000 SAP bozvtb is released at 38,000 feet above sea
level at a true air speed of 350 miles per hour and strikes a target 2000
feet above sea level?

Solution

Enter Fig. 84 which records the striking velocity versus the height of
target. From the curves for a 25,000 SAP bomb the striking velocity is
1500 feet per second. The impact energy is

KE-2x32.14

25,000- (1500)2
64.28

= 388.92 - 2.256' 106

= 762.57 - 1011 foot-pounds

Enter Fig. 203 to obtain values of Q and QNR
P NR

From Fig, 203, at KE 763 *10"

=78.4, Q -7.

- Substitute in the formula

N =1-m. N.
R~R n~-T ~NR

where

m.= 0.287 (Dakota sandstone)

I- In-1

The diameter of the 25,000 T2834 Bomb is 32 inches, or 2.67 feet. The
nose factor of the 25,000 SAP bomb, caliber radius hesad 1.54, is 1.0 (See
Fig. 196).

N-1.01.0
N *R 1.0 73.2 27.42 feet

Also

P 1W 4  2936 foot
RM 267

~~-M-O4
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Example 2

What normal penetration in rock X, which has a Poisson's ratio of
0.22 at a stress range of 5000 pounds per square inch, is possible with a
bomb that has a caliber radius head of 1.8 and a diameter of 2.5 feet, and
strikes with an impact energy of 300 million foot-pounds?

Solution

Normal penetration, from Formula 3, is

- ~I--rn N

NR 72-4-87-- 'T ~NR
For an impact energy of 300 million foot-pounds, enter Fig. 203 to

obtain the value of QN R From the figure,

Q NR =-20.6

The value of m. in the formula (Poisson's ratio for rock X) is 0.22.

The diameter of the bomb, d, is 2.5 feet, and the nose factor, N, ob-
tained from Fig. 199, is 1.07.

The normal penetration is

1-0.22 1.07
N lf= 2'484 (0.22) •..2 20.6

- 1.417 . 0.428 * 20.6

-- 12.58 feet

~1 Example 3
At what range of altitude of bombing can a 1600 AP bomb be expected

'-1 to give constant penetration if it is released at a true air speed of 250 miler,
per hour and strikes a target 5000 feet above sea level?

Solution

From the curves of Figures 201 and 202 it can be seen that values of
Qpand QNRare relatively constant for values of kinetic energy between 28

million foot-pounds and 86 million foot-pounds.

', ... . .• ,, . . .. ..
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The striking velocity at these energy limits equals

KE WV.2

For K - 28' 106

2.±3214.28.106

V - 1061 feet per second

and for KE -36 106

V 2

V 1203 feet per second

Entering Fig. 80, which shows the altitude above target versus strik-
ing velocity for the 1600 AP bomb, it is found that for a true air speed of
250 miles per hour; the- atitudieý-above-.tazge.4gixyint.. striking veloci-
ties will be

18,100 feet at 1061 feet per second
27,000 feet at 1203 feet per second.

After adding to these values the altitude of the target above sea level,
5000 feet, the range of altitude of bombing which will give constant pene-
tration will be from

18,100 + 5000 23,100 feet to
27,000 + 5000 32,000 feet.

It is notable, from an inspection of Figs. 201 and 202, that at altitudes
of bombing just over 32,000 feet a decrease in penetration in this targetcan be expected.

Example 4

How will the slope of the target surface affect the normal penetra-
tion, the path length, and the horizontal displacement of a 1600 AP bomb
released at 27,000 feet above the target at a true air speed of 250 miles per
hour? Assume that Poisson's ratio for the rock of this target area equals
0.24. As in example 3. the impect energy is 36 million footpounds, and the
angle of fall at impact is 75 degrees.

jA
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Solution

The value of m,. Poisson's ratio for this roc-, is 0.24.

The diameter of the 1600 AP bomb is 1.167 feet and the nose factor,
from Fig. 199, is 1.12.

From Figs. 201 and 202, QNR is 5.78 and Q is 7.15.

Using formulas (3) and (4)

N -0.24 .12

R 2.484 (0.24) 1.167

-= 1.27 • 0.96 • 5.78

- 7.08 feet

PR = 1.27,0.96 • 7.15

- 8.75 feet

It can now be shown that values for normal penetration and path
length are independent of the slope of the target area, but that the magni-
tude of the horizontal displacement, X, (see Fig. 88), is partially dependent
upon this slope. Although this horizontal displacement is difficult to estab-
lish analytically, a simple graphical solution, for three assumed slopes of
target surface and based upon an angle of fall of 75 degrees, is illustratedin Fig. 204.

Figure 204b shows the bomb striking a level surface. For this
condition,

=• Angle of Impact = 75'

Normal Penetration, NR = 7.08 feet

Path length, PRM (assumed as being a straight line

"from the point of impact to the nose position of
the bomb at deepest penetration) -- 8.75 feet

Horizontal Displacement, X 5.15 feet

For up-dip bombing with an asaumed inclination of the target surface

equal to plus 8 degrees, shown in Fig. 204a, the quantities hsted above
become

Angle of Impact -- 83

Normal Penetration, N = 7.08 feet

Path Length, PRM 8.75 feet

Horizontal Displaceenezt. X -. 6.09 feet

iM - . -
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Thus, although the normal penetration and path length are unaffected,
the horizontal displacement is increased by 0.94 feet.

In the third condition, Fig. 204c, for down-dip bombing with an as-
sumed inclination of the target surface equal to minus 8 degrees, the
quantities become

Angle of Impact 67

Normal Penetration, NR 7.08 feet

Path Length, PRM 8.75 feet

Horizontal Displacement, X 4.10 feet

As in up-dip bombing, normal penetration and path length are un-
affected, but the horizontal displacement, based upon the value for level
bombing, is decreased by 1.05 feet.

A more apparent measure of the effect of the inclination of the target
surface is evident in the magnitude of the IN values (see Fig. 204), the

deviation of the bomb from the line of action. However, when applying
the procedure to problems of the attack, or defense, of underground in-
stallations, the use of the value of the horizontal displacement, X, is logical '.
and more applicable.

The following conclusions have been illustrated fit example 4:

a) The horizontal displacement and the vertical deviation increase as
the angle of impact increases; conversely, the horizontal displacement and
vertical deviation decrease as the angle of impact decreases.

b) It is desirable, when planning an attack upon an enemy under-
ground installation, to study the topography in advance of the bombing so
that the effect of the horizontal displacement may be appraised.

c) When planning an attack against underground installations, it
should be recognized that up-dip bombing Is more apt to result in damage
to the rear end of the bomb and. possibly, in lower-order detonation than
would result with down-dip bombing.

The procedure followed in these examples has demonstrated the use

of the Livingston Penetration Formula in studying and analyzing the pene.

tration of bombs. Example 4, especially, stressed the importance of employ.
ing this knowledge in planning bombing attacks against enemy under.
ground installations and in designing such installations for protection
against enemy bombs. However, to fully appreciate the problem, the
knowledg& concerning penetration must be supplemented with an under-
standing of the effects of the ex plosion of the bomb. Of importance to this

-4 report, therefore, is the following section which deals with the overat
effect of bombing mn under installatioms.

.4 TTX.
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SECTION IV-THE EFFECT OF BOMBING
ON UNDERGROUND INSTALLATIONS

I-Accuracy of Bombitg

The accuracy of bombing is important to the study of damage to
underground openings because of the ability of rock masses to withstand
damage from explosions. It will be shown later in this section that there
is an optimum area within which a bomb must strike in order to create a
desired degree of damage to a particular underground structure. This
effective region is rather small when the accuracy of the bombing attained
in the field work is considered.

An analysis of the attained accuracy of the field bombs was made.
Those bombs that were dropped without using the bombsight were not
included in the study; the 25,000-pound SAP bombs were also omitted.
The number of bombs included is., of course, too small to be entirely satis-
factory in a statistical study. The trend is, however, indicative.

Combined results from both sites show that the mean error was 390
feet The median error was 312 feet. A circle of 455-foot radius would in-
clude 68 per cent of all bombs dropped; a circle 850-foot radius would
'ontain 95 per cent of all the hits. The range of accuracy was from 105
feet to 990 feet On the basis of the limited number of bombs dropped, a
c'icular area of 105-foot radius would not be hit. The AP and SAP bombs
atre equally accurate, and are more accurate than the GP bombs. The
height of release up to 18,000 feet dues not seem to affect the accuracy.
The accuracy of all types of bombs released from above 18.000 feet de-
creased with increased heilht of release. The GP bombs were decidedly
less accurate than the AP and SAP bombs, even at a low height of
release.

If. as in these experiments, none of the bombs strike nearer than 105
feet to an underground tunnel, the error of bombing becomes the equiva.
lent of adding at least 10 feet to the depth of rock cover. Thus, it would
seema unprofitable to bomb underground fortlficatlons with bombs of the
type dropped in the Bomb Penetration Project unles the accuracy of
hombian can be greetly Improved.

I-P-oulmisis Dhmmms

The beak questions Involved in planning the attack or defense of any
underground installation are: "What is the best type of bomb to uae against
an enemy's structure" and. "How may be best design an installation to
resit damag, from an enemy bomb"" The answers to these questions do.
peed upon I) the sm of the structure, 2) thO kind of rock in which it is
located. 3) the thickness of rock covering the opeming. 4) the penetratkin
that the bomb will attain, and S) the elWsive rae that can be brought
to bear against the structure.

_-NAM.*
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This section will discuss the relative merits of each bomb used in the
course of the field work. By using data obtained from the Bomb Penetra-
tion Project in conjunction with data obtained from Series I and II
Experiments', it is possible to evaluate both the effect of the penetration
of the bomb and the effect of its explosive pay-load upon the structure.
Although Series I and II Experiments pertain to Navajo sandstone
and Unaweep granite and the Bomb Penetration experiments pertain to
Dakota sandstone and Zuni granite, it may be presumed, at least for the
purpose of illustrating the method of evaluation, that the two sandstones
behave alike and the two granites behave alike. In practice, it is likely
that the peneiration of a bomb in Navajo sandstone would differ some-
what from the penetration of the same bomb in Dakota sandstone. It is
also likely that the penetrations into the two granites would differ. More-
over, it is likely that the radii of damage for a given weight of explosive
will differ from sandstone to sandstone and from granite to granite.

The curves constructed in the Series I and II Experiments were based
upon an explosive confined within a borehole and in contact with the rock.
The steel casing of the bomb will have two influences upon the explosioi%.
First, the better confinement of the gaseous products of the explosion
increases the explosion pressure and the energy of the explosion until the
casing ruptures. Second, the influence of the steel casing decreases the
energy available for breaking or compressing rock by an amount equal
to the energy used in rupturing the case. Since these two influences oppose
each other, and since the importance of each is unknown, the damage
distances have not been adjusted. In other words, it has been assumed
that the explosive contained in the bomb after penetration produces the
same results as the explosive confined in a borehole. It is also assumed
that detonation of the explosive takes place at the instant of maximum
penetration.

Figure 205 tabulates various quantities pertaining to the rock and the
.- bomb that are needed In predicting the damage to an underground open-

ing. Quantities are given for sandstone and granite. The first column of
the table gives the weight and type of bomb, the weight of explosive
(here taken to be TNT), and the distance from the nose of the bomb to the
center of mass of the explosive. The second column gives the height of
release above the target. The third column, x, is the average of the x
distances (see Figs. 88, 89, 107, and 108) for the bombs of the group con-
sidered. The average is weighted on the basis of the impact energies. The
fourth column, y, is the weighted average of the vertical penetrations, for
the groups. The fifth and sixth columns, x. and y., are the adjusted values
of the x's and y's of the two preceding columns. The adjustments are of
two kinds: namely, an adjustment for the slop, of the target, measured
in the line of flight of the bomb, and an adjustment for the distance from
the nese of the bomb to the center of gravity of the explosive. The two
remaining columns, RD and RT are the distances at which "destruction"

and "tension failure" occur when the explosive in the bomb is detonated
in Navajo sandstone and in Unaweep granAte. The distances are those
given in the curves of Series I and II Experiments-.
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Sandstone

Type and Weight Altitude
Explosive, and ft x x& Ya RD %
cg Explosive

1600 AP 9200 2.59 4.05 0.03 3.19
215 lbs TNT 18000 5.55 5.23 2.99 4.37 8.9 16.0
3.42 ft 30000 3.62 4.85 1.06 3.99

2000 SAP 9200 2.24 3.38 -0.09 2.60
556.5 lbe TNT 18000 2.57 3.72 0.24 2.94 11.8 21.2
3.11 ft 30000 2.04 3.62 -0.29 2.84

2000 OP 7000 1.29 2.40 -0.93 1.66
lo45.6 lbe TNT 8700 1.84 1.90 -0.38 1.16
2.96 ft 14000 1.77 2.35 -o.45 1.61 13.9 25.9

18000 1.54 1.88 -0.68 1.14
30000 0.85 1.66 -1.37 0.92

Oranite

Type and Weight A d
Explosive, and ft ix B X R Ra
og Explosive

1600 AP 9200 4.60 6.61 2.04 5.76
215 lbs TNT 18000 6.20 9.22 3.64 8.37 6.8 14.0
3.42 ft 30000 6.29 9.34 3.73 8.48

2000 SAP 9200 4.71 5.03 2.38 4.25
S556.5 Tlb TNT 18000 5.03 6.41 2.70 5.63 9.6 19.2

3.11 ft 30000 2.64 4.90 o.31 4.12

25,000 SAP 18000 14.90 22.30 7.89 19.96
3860 lb. TNT 26000 15.10 38.00 8.09 35.66 17.0 34.0
9.35 ft

Fig. 205

Quantities Used in Pcodioting Damage to an Undergrond Opening

!A
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Figure 20/ shows a tunnel located beneath a level surface. The symbols

illusi.rated on the figure have the following meanings:

A radius of arch of the tunnel, feet

br.- depth of rock from the surface to the roof of the tunnel, feet

y. vertical penetration, in feet, adjusted for the inclination of the
ground and for the location of the center of gravity of the expjlo-
sive in the bomb

x. horizontal dixtance from the point of impact to the center of
gravity of the explosive at maximum penetration, feet

4i

LI

A proper adjustment to locate the center of gravity of the
explosive would depend upon the inclination of the bomb
at the instant of detonation, but data concerning this in-
clination are not available. Accordingly, the x. distance
was arbitrarily computed by subtracting 3/4 of the distance
from the nose of the bomb to the center of gravity of the
explosive from the x distance. The y. distance was com-
puted by subtracting 1 of the distance from the nose of
the bomb to the center of gravity of the explosive from the

y figure.

W liafigure of merit, or the horizontal distance on either side of
the projected center line of the tunnel within which a given
bomb dropped from a given altitude must strike in order
to cause the required degree of damage. The formula for
W2 is

W =(R I A 2 -

where

f o t the c entteroon quantity = b + A - y.

The criterion quantity is n measure of whether a given de-
gree of damage is possible with a specified bomb at a spec-
fled height of drop. To cause the damage, f must be leas than
or equal to (R + A).

Figure 206 shows the three ways a bomb can be dropped to damage a
tannel. The first is to drop the bomb so that the line of flight is parallel
to the center line of the tunnel; the second ei to drop the bomb so that the
line of flight Is at right angles to the center line, with the bomb striking
short of center line; the third is to drop the bomb with the line of flight
at right angles to the center line so that the bomb overshoots the target
and comes to rest beyond it.

-"m7
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3-Comparison of Various Bombs for Damage to Underground Openings

The foilowing arbitrary definitions are used in comparing the merits
of the several bombs,

Standard Tunnel: A standard tuinel is a horseshoe-shaped opening 6
feet high. The radius of the arch ir 3 feet; the radius of the sides below
spring line is 4½ feet, The invert is flat. These dimensions were selected
as giving a tunnel of minimum practical size. The tunnel section drawin
in Fig. 206 is a standard tunnel.

Standard Depth of Cover: The standard depth of cover for a particular
kind of rock is a thickness of the rock overlying a standard tunnel such
that a 2000-pound SAP bomb loaded with TNT and dropped from 18,000
feet above the target causes damage defined in Series I and If Experiments
as "destruction" if the bomb comes to rest vertically above the centerline
of the tunnel.

From Fig. 206 and from the algebraic expressions. it is evident that
the standard depth of cover in a hypothetical Navajo-Dakota sandstone is

b. = RD + yý = 11.9 + 2.94 = 14.74 feet

.1 where

b,. .z the standard depth of cover.

The table, Fig, 207, compares the various bombs as to their relative
merits in causing destruction in sandstone, The figures of merit for the
destruction case in sandstone are also plotted in Fig. 206. Only destruction
damage to the roof of the tunnel is possible for the assumed configuration
of a standard tunnel covered by 14.74 feet of sandstone, and then only
with the 2000-pound SAP bomb from 18,000 feet if it strikes on the center

#* line, or with the GP bombs striking as shown by the figure of merit. None
of the AP bombs will do the job, chiefly because they do not carry enough
explosive. The GP bombs will cause destruction because of their comn-
paratively high explosive content, However, because rupture of the casings
occurred if bombs were dropped above 8700 feet, it would be better to
release the bombs from 7000 feet in order to prevent low-order detonation
caused by rupture of the casing. Because the figure of merit is also the
width of the strip within which the bomb must fall when the line of
flight is in the same direction as the center line, a GP bomb dropped from
7000 feet must hit within 0.2 feet left or right of center. If the aircraft
approaches at right angles to the center line, the bomb must strike within
1.13 and 0.73 feet short of the center line.

The table, Fig. 208, sets forth the same type of data for the case where
tension damage to the roof of the tunnel is to be causId. All the bombs
will cause this type of failure; the GP bomb from 7000 feet Is again the
best bomb because of its figure of merit. The greater the width of the
strip, as determined by the figure of merit, the greater the chance of
bombs falling within the required strip.

Assume that a bomber is approaching tt:% tunnel in the some diree-

Lit,
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tion as the center line. The direction of center line is assumed to be known
to the pilot. The plane is carrying 2000-pound GP bombs and will release
them from a height of 7000 feet above the level ground surface. All bombs
in order to create tension damage must :all within a strip 24.01 feet on
either side of the center line, or a strip 48.02 feet wide. If the aircraft
approaches at right angles to the center line, all bombs can fall short
23.08 feet, or overshoot center line 24.94 feet on a total strip width of 48.02
feet. In general, then, if enough bombs to provide a statistical sample are
dropped, it will not matter what the direction of flight is.

The tables, Figs. 209 and 210, give the same sort of information for a

standard tunnel located in granite. Here the standard depth of cover is:

9.6 -+ 5.63 - 15.23 = b.

where

y. = 5.63 feet.

RD -= 9.6 feet

To create destructive damage to this tunnel, a 1600-pound AP bomb
from a height of 30,000 feet, a 2000-pound SAP from a height of 18,000 feet,
or a 25,000-pound SAP bomb must be used. (See Fig. 209.) It will be seen
that a deep-penetrating bomb, such as the 23,000-pound SAP, might, undersome circumstances, penetrate too deeply to do any damage. To create

tension damage, any of the bombs listed in Fig. 210 will serve the purpose.

4-Attack or Defensm of Any Undeground Opening

The methods used in the above section can be applied to select the
best bomb to drop against a given underground installation, or, conversely,
to determine how deep a structure must be located in order to withstand
a given bomb. The formula for calculating the figure of merit as given on
Fig. 206 is general, and may be applied to any tunnel in any rock and for
any bomb. One must, however, know the x. and y. values and the R D
or RT distances for the particular bomb and the particular rock

Example 1.

Let us consider what type of bomb to use In attacking the 0.2 scale
tunnel of the Underground Explosion Test Program. This tunnel is located
'n the Navajo sandstone member of the Glen Canyon series of rocks east
of Castledale, Utah. The following data apply to this opening:

Radius of arch, A -- 3.5 feet

Depth of cover, b = 21 feet

For destructive damage we apply the criterion

f b + A - y. =4.5 - y..

- T- _ __ _- - i4I I
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This must be less than or equal to RD + A. For an AP bomb carrying
215 pounds of TNT, Fig. 205 shows RD -• 8.9 feet. Therefore

24.5 -- y. y-= 8.9 + 3.5

or

y. =24.5 - 12.4 = 12.1

Reference to Fig. 205 shows that the largest value, y,,, for the 1600-
pound bomb.i is 4.37 feet from an altitude of 18,000 feet. Therefore, AP
bombs will not produce any destructive damage to the tunnel.

For an SAP bomb carrying 556.5 pounds of TNT, the RD distance is

11.8 feet. Therefore, y,, for a 2000-pound bomb must be at least

y. - 24.5 -- (11.8 + 3.5) = 9.2 feet.
No SAP bombs will penetrate to this depth, so this bomb is also unsuitable.

For a GP bomb carrying 1045.6 pounds of TNT, RD = 13.9. Therefore

y. = 24.5 - (13.9 + 3.5) = 7.1 feet.
"I-X Since these bombs will not penetrate the required distance, they, too, are

unsuitable.

If these are the only bombs available, we cannot expect to cause
destructive d&mage to the 0.2 scale tunnel. However, we know that be-
tween tension damage and destructive damage there is a range of heavy

• .damage, the bio-called combined shear and tension damage, which grades
into the destructive damage. Reference to Fig. 89 of the Series I and 11
Report shows that the R for combined shear and tension is as follows forthe three bombs considered:

1600 AP 215 lbs TNT = 11.3 feet
2000 SAP 556 lbs TNT 15.2 feet

2000 GP 1046 lbs TNT 18.2 feet.

Applying the criterion quantity for the 1000 AP bomb. we we that:

y. = 24.5 - (11.3 + 3.5) = 9.7 feet.

The AP bomb, is therefore, not suitable,

For the 2000 SAP bomb,

y. = 24.5 - (15.2 + 3,5) = 5.8.

None of the SAP bombs are suitable.

For the GP bombs,

y. 24.5 -(18.2 3.5) 2-Y.P

Jii,
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The GP bomb approaches, but does not quite reach, the necessary pene-
tration. It would, therefore, cause damage between combined shear and
tension and tension damage, but not between combined shear and tension
and destruction.

Reference to Fig. 205 shows that the deepest penetrating GP bomh will
be one dropped from 7000 feet and attaining a penetration of the center
of gravity of the explosive, y,, = 1.66 feet. To calculat e the figure of mi.rit
for this bomb in tension, we proceed as follows:

RT 25.9; A =--3.50; RT + A - 29.40.

f = b I A -- y,, = 21.00 + 3.50 - 1.66 -= 22.84.

Since f is less than RT + A, tension damage is possible with this bomb

from this altitude, if the impact is within the figure of merit:

W= (29.40)" -- (22.84)0 = 342.70

W '-- 18.51 feet,

or for cross bombing if the bomb falls short of the projected center line

18.51 + (-0.93) 17.58 feet,

or overshoots the center line h i
18.51 - (-0.93) - 19.44 feet.

This discussion concerning a relatively shallow tunnel illustrates the
inherent atrength of an opening in rock for defense against bombing.

- Example 1.

From a differert point of view. it may be of interest to calculate what
weight of TNT can be exploded near a tunnel without causing any dam-
age. The 1.0 scale tunnel of the Underground Explosion Tests has an arch
radius of about 15.5 feet and Is covered by 80 feet of Navajo sandstone.
Assume one bomb Is dropped and strikes 100 feet short of the projected
center line of the tunnel. The bomb penetrates such a distance that the
center of gravity of its explosive content penetrates to the spring line of
the tunnel. Assume further that the angle of impact and andle fau ame
equal and are TO degrees, and that the bomb continues on this an 19 until

it comes to rest and detonates. What maximum weight of explosive may
be contained in the bomb if the tunnel is to suffer no tension damage?

The conditions given are:

A + b = 75.5 feet

y. = 75.5 feet

x. 75.5 cot 70 = 75.5 I J0Ad4 = 37.5 feet

The figure of merit. W, for the bomb Is. therefore,

W W+x.=100 or W=?•f feet

,,,
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Because this is measured from the center of the tunnel, the thickness
of rock between the explosion and the wall of the tunnel is:

72.5- 15.5 ý 57 feet

Entering the curves in Fig. 89 of the Series I and 11 Report, we find
that R is 57 feet. and is the tension distance for 17,500 pounds of TNT.
Referring to the destructive line on the same figure, we see that 57 feet
is the destructive distance for 310,000 pounds of TNT.

Suppose, however, that the same bomb strikes 27.5 feet short of the
projected center line. This means that the bomb will perforate the tunnel
and explode inside. This illustrates the critical influence of bombing ac-
curacy upon damage to an underground structure.

Example 3.

What must be the minimum depth of granite cover in order to pro-
tect an arched opening with a 50-foot span from damage by a 25,000-pound
bomb dropped from 26,000 feet and striking at the optimum point!

The optimum point for bombing with the direction of the tunnel
would be a strike on the projected center line. For cross bombing, the
point would be short of center line by the x. distance.

Suppose the line of flight to be parallel to the center line of the tunnel
and the bomb is to fall directly on the center line and not deviate right or 4
left of this line during its downward course

Then

W2 (RT+AR+A -P V

where

f -- A . b--y..
The 25,000-pound SAP bomb contains 3860 pounds ot TNT. The RT distance

from Fig 205 is equal to 34 feet. The radius of the tunnel arch is 25 feet.
Therefore.

T A -A- 34,0 + 25.0 = 59 feet

Because the bomb struck on center line, the center of gravity of the

explosive must not be closer to the spring line of the tunnel than 50 feot.
Reference to Fig. 205 shows that the bomb will penetrate to a distance
y. = 35.66 feet.

The minimum d6ePt from surface to the center of the tunnel should
then be-

35..064it 94.66 fect.

This calculated depth should be increrwdd to provide a margin tf
safety Good practice requires that a safety factor be based upon a knowl-
edge of the effect of the static forces acting upon the opening, upon the
chance uf the enemy's having an improved bomb. and upon the probability
of a bomb peitetrating deeper than assumed in the calculation.

_ _ _ __ _ i,
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SECTION V-CONCLUSIONS

1-The Livingston Penetration Formula

The depth of penetration of various types and sizes of bombs into
rock masses can be predicted by means of the Livingston Penetration
Formula

p -mr N
2 .4 8 4  T d

If it is desired to compute the path length in rock to the point of maximum
normal penetration, the formula takes the form

*1 -inm, N

RM 2.484m "" QP'

If it is desired to compute the normal penetration in rock, the formula
takes the form

N NNR =--44m " • NR

where

_path length of any given bomb in rock X, measured to the point
R of maximum normal penetration, teet

Qp P = path length of a 1.0-foot-diameter prototype bomb in a proto-
type rock, feet (See Fig. 202)

N = the maximum depth of penetration measured normal to the
R rock surface of any given bomb in rock X, feet

QNR t:!he normal penetration of a 1.0-foot-diameter prototype bomb
in i prototype rock, feet. (See Fig, 201)

mn, -=Poisson's ratio of rock X at 5000 pounds per square inch, the
stress range at which failure occurs in simple compression for
Dakota sandstone, the prototype rock.

N = the nose factor. (Bee Fig. 199)

d the diameter of the bomb, feet.

The Livingston Penetration formula differs in several respects from
other formulas for penetration. In part, the difference may be due to the
massive nature of the target which influences the stress distribution in
the medium and the manner of rock failure . In part I'le difference may
be due to the stress range which influences the stresa distribution in the
medium and the manner of rock failure. And in part, the difference may
be due to the difference in the physical and elastic properties of the
target material-such as the difference between soil and rock, or the dif-
ference between reinforced concrete and rock.

jk
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The first term of the Livingston Penetration Formula

I - m.
2.484 m.

has been referred to as "the rock factor." The constant 2.484 is present be-
cause the formula has been set up for a prototype rock. The prototype rock
is Dakota sandstone which fails in simple compression at 5000 pounds per
square inch and which has a value of Poisson's ratio equal to 0.287 at
failure. Any rock that has the same value of Poisson's ratio and fails at
5000 pounds per square inch in simple compression is a prototype rock.

The rock factor is a measure of the lateral stress in the medium, and
the lateral stress is a function of Poisson's ratio and of the axially applied
force. Neither the axial force or Poisson's ratio is a constant. Moreover,
Poisson's ratio is dependent upon the stress range (See Fig. 68). Therefore
it is necessary to establish a prototype stress r~ange and a prototype rock.The prototype rock has been referred to repea'.edly as Dakota sandstone,

but perhaps it should be stated that the prototype Dakola sandstone is
from the Putney Mesa sandstone bombing site. For, it is probable that
the elastic properties of the D,4ý.-.ta sandstone formation vary widely, de-
pending upon the environment of deposition and upon the lithology of the
beds.

By means of the rock factor term it is possible to pr'dict penetration

in any type of rock from any part of the world. The mvwtake should not
be made, as is commonly made, cf assuming a constant rock factor for each
family of rocks such as granite, limestone, basalt, sandstone, or shale. In-
stead, the rock factor may vary " greatly within a gi',en family of rocks
such as granite, as bntw"en fotllies---for example ku. tween granite and
sandstone. In order to predict p~enet~ation accurateiy., specimens of the
rock in which penetration is desirel should be testfu in the laboratory
to obtain w,, Poissoni'm ra~tio at the prototype stress range.

A significant featurt that is apparent from analysis of the rock factor"is that penetration decreau a" m, increases. Moreover, the theoretical
maximurr. valý:,e of Po .ison's ratio is 0.5. If the theoretical maximum valueof me In subetituted in the rock factor term. the theutecal minimum value
of the rock factor is obtained and *qualm,

A. -- 0.5

Inasmuch as the value oi the rock factor for tbh prototype %ock is 1.00, it
follows that perhaps some type of rock may hbi tound that is superior to
Dakota sacndstone for reuistance against bombi" n.

The second term in the livingston Penetration Formula

N

involves the nose factor and the bomb diameter. V dence regarding both
the nose factor and the bomb diamoter was obtained in the laboratory
using techniques of photoelsticity. It was deternined (See Part E, Sec-

.L I
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tion V, Item 4) that the form of the shear contours in the medium depends
upon the shape of the nose, and that a sharp nose such as that of a 25,000
SAP bomb or of a 1600 AP bomb results in a wedging action that parts
the medium and relieves the stress in front of the nose. It was shown also
(See Part F, Section 1, Items 2c and 2d) that the degree of fragmentation
of Dakota sandstone and of Zuni granite decreases as the sharpness of the
nose increases.

Perhaps at some future time it may be possibe to determine the nose
factor N either from photoelastic studies or by measuring the area of
new surface produced. It was necessary in this work to determine the
nose factor from the field data by constructing prototype rock-prototype
bomb curves for each of the four types of bombs dropped in the tests.
Because of the comparatively small number of bombs of each type
dropped, the nose factors presented in this report (See Fig. 199) should be
considered to be tentative values.

The second term of the Livingston Penetration Formula states that
penetration varies inversely as the diameter of the bomb. This relation
was determined from photoelastic studies and is at variance with the
sectional pressure formulas in which penetration varies inversely as the
square of the diameter of the bomb. The effect of an increase in the
diameter of a bomb upon the rock is to increase that volume of rock under
stress in proportion to the increase in diameter. In any given type of rock
and at any given value of impact energy, the fragmentation of the muck
pile increases as the diameter increases. Thus the effect of an increase
in the diameter of a bomb upon the manner of rock failure is to increase
the rate of energy consumption per unit volume of rock.

In the model bombing experiments conducted in the BarodynamiesLaboratory of the Mining Department of the Colorado School of Mines

(See Part E. Section 1, Item 3) in which sectional pressure and sectional
density were the only variables it was shown that penetration is inde-
pendent both of sectional pressure and of sectional density at a given
impact energy. If the Colorado School of Mines apparatus had i.ot been
developed, it would have been impractical, if not impossible, to vary the
sectional pressure or the sectional density of a projectile at constant im-
pact energy. Accordingly, the true relations between penetration and
bomb diameter would not have been discovered if the apparatus had not
been developed.

The third and final term In the Livingston Penetration Formula Is
called here a "Q" term. "The "Q" term expresses the path length, or the
normal penetration of a prototype bomb in a prototype rock. A prototype
bomb Is a bomb 1.0 foot in diameter that has the same nose shape as a
2000 SAP bomb. Values of QNR may be obtained from the graphs, Figs.

201 and 203, and are used to compute normal penetration. Values of Q
may be obtained from the graphs, Figs. 202 and 203, and are used to
compute path length. Rather than present aihular curves giving values
to ato be used in computing vertical penetration, a procedure similarto t presented i Part F. Section ll1, Item 7, Example 4 should beUsing the recomended procedure, values of the vertical devia.

tion values of the horizontal displacement X. and values of the vertical
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pexietration Y (See Fig. 88) may be obtained, and these values will take
into account variations in the inclination of the target surface.

Values of 'Q" depend upon the impact energy and have been deter-
mined from the field results after climinating the rock factor, the nose
factor, and the borne diameter factor. The "Q" term thus expresses
empirically two factors that cannot be separated without further funda-
mental research. One of these factors is the decrease in kinetic energy of
the bomb between impact and maximum penetration. The other is the
increased resistance to peneration with depth. The increased resistance
to penetration with increased depth was measured in a gelatin model
material at various stages of penetration (See Fig. 169, and Part C,
Section V, Item 3). Perhaps through continued research it may be possible
to state the "Q" term theoretically rather than empirically.

The following conclusions may be stated relative to those objectives
of the Bomb Penetration Project listed on page 2 that are closely related
to the Livington Penetration Formula.

5) Is penetration a function of the sectional pressure or of the
sectional density of a bomb?

Penetration of projectiles in rock masses is Independent of both sec-
"tional pressure and of sectional density. Penetration varies inversely as
the diameter of a bomb and is a function of the impact energy. The "Q9
term in the Livingston Penetration Formula includes the effect of the
impact energy in combination with the effect of increased resistance to
penetration with increased depth.

- 6) Does the reistance to penetration increase with depth?

9. Resistance to peetration depends upon the lateral stress in the
medium. The latera stress acts at riht angles to the direction of maximum
principal stress. The lateral stress If induced by an axial load tangent to

• - the path of the bomb and to a horizontal component of stress that depends
upon Poisson's ratio and upon the weight of the rock maa. The horizontal
component incremAsna with depth, but the lateral stress decreases as the
impact energy of the bomb is dissipated. The net effect is to increase
the strength of the rock beyond that indicated by a simple compression

test , but the increased strenth is not a simple function of the increasein depth. The "Q" term in get Livingston Penetration Formula includes

the effect of increased resistance to penetration with increase in depth,

13) Do all stancdtonei or granites behave alike? How can the
results of the Bomb Penetratlon Projem be aplied to
sinilar rocks?

The behavior of a rock depends upon the physical and elastic proper.
ties of the rock rather than the petrographic classIfication. Some sand-
stones, particularly those cemented by silica or by iron oxides. may behave
in the %&me manner as an igneous rock such as granite. The variation in

it jr r
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physical and elastic properties may be as great within a given rock family

as between different rock families.

By means of the first term of the Livingston Penetration Formula,
"the rock factor," it is possible to compute the depth of penetration in an
unknown rock if Poisson's ratio at a prototype stress range of 5000
pounds per square inch is measured using standard techniques described
in the section of the report dealing with the determination of the elastic
"constants" by the static method (see Part A, Section IV, Item 11).

10) What geologic and topographic conditions minimize the
penetration of a bomb into rock and provide the maximum
protection against bombing?

A type of rock that has a high value of Poisson's ratio at a low stress
range is desirable because of its high resistance to penetration, and because
of the resulting abrupt vertical deviation of the path of the bomb which
may cause bending or rupture of the bomb case. A type of rock that
absorbs a large amount of energy before rupture is desirable because it
will cause rebound and poor coupling for the explosive blast. A type
of rock that contains an abundance of flat-lying natural planes of weak-
ness is desirable because planes of weakness so oriented increase the
vertical deviation of the bomb and decrease the vertical penetration.
Rocks that are highly weathered or hydrothermally altered and traversed
by numerous faults and fissures should be avoided.

A very rough topography and a surface containing large boulders
and a minimum of overburden is desirable, because these features all
tend to cause a bomb to either to ricochet or to deviate greatly both in a
horizontal and a vertical plane.

2-Effect of the Bomb Upon the Rock

V) Penetration is the result of rock failure. The manner of rock failure
depends upon the stress distribution in the medium and upon the
physical and elastic properties of the medium. Failure of a rock mass is
characterized by three zones of failure-the zone of crushing, the zone
of shearing, the zone of tension slabbing-and a stage of rock burst These
zones are illustrated in Fig. 184 and described in detail in Part F. Section I.
The attitude of the planes of failure coincide with the three directions of

* principal stress in the medium. Field evidence indicates that the rock
falls predominantly in teission as a result of a constant stres-difference
between the maximum and the minimum principal stresses. Struin energy
is imparted to the medium between each of a series of stages of rupture.
The footwall of the path of the bomb becomes a rock burst zone as the
strain energy is released from the ront of maximum compressmion.

Failure of a rock mass &ad the penetration of a bomb proceed con-
currently. Rock fislure does not take place far ahead of the nose of the
bomb. The zone of crushing (See Fig. 184) is the deepest zone of failure,
and as the depth of penetration increases, the thickness of the zone
of crushing decreases. The decrease in thickness of the crushed zone is due
both to the decrease in energy of the bomb and to the increase in strength
of the rock. It Is evident from a comparison of the distribution of stress
I the medium (See rig. 164) and the distrbution of the zones of failure

I
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(See Fig. 184), that rock failure occurs predominately within the region
shown by photoelastic studies to be above the neutral axis.

If instead of penetrating into a &emi-infinite solid free from openings,
a bomb should penetrate into a rock mass in which tunnels had been
driven, or into a thick concrete slab, then the manner of failure of the
rock mass would differ from that observed in the Bomb Penetration
Tests. The free face at the tunnel opening or the free face at the under-
neath side of the thick slab would be a potential zone of failure. Scabbing
of the slab or scabbing of the tunnel would occur at what might be
referred to as the "critical distance" (which is not a constant distance
but depends upon the kinetic energy of the bomb at any instant). Upon
approaching the scabbing limit, the resistance to penetration would no
longer increase with depth, and the "Q" term of the Livingston Penetra'Zion
Formula would no longer be valid.

The field evidence indicates that the manner of rock failure for very
high altitude bombing with larger bombs may differ from that observed
in the Bomb Penetration Project. From the meager data available, it
appears that the change occurs at roughly 540 million foot-punds for
projectiles striking with a velocity of 1300 feet per second. Re change
is thought to mark the lower limit of plastic failure. Further fundamentalresearch in this region is desirable, for It is probable that the "9" values
of Fig. 203 must be modified in the region where plastice failure pre-
dominates.

The following conclusions may be stated relative to thosE, objectives
of the Bomb Penetration Project that are closely related to the effect
of the bomb upon the rock.

1) How does a rock fail as a repult of bomb impact?

Rock failures due to the impact of a bomb may be classified in one
"of two zones. These zones are termed here "the zone of elastic failure"
and "the zone of plastice failure." The limit between the two zones is
tentatively placed at 540 million foot-pounds foL bombs striking at 1300
feet per second, Perhaps the true limit between the two zones may
vary; the plastic zone may coincide with the region ab'Ove Mohr's envelope
of rupture (See Fig. 71), and the elastic zone may coincide with the
region below Mohr's envelope of rupture.

Rock failure as observed in the Bomb Penetration Project is thought

.to be primarily in the "zone of elastic failure." The manner of rock
failure differs in each of four zones of failure illustrated In fIg. 184 and
described in detail in Part F, Section I. The rock is thought to fail
predominantly in tension as a result of a constant stres difference between

the maximum and the minimum principal stress. The attitude of the
planes of failure coincides with the three directions of principal stress.

2) Is the method of failure the same in granite as in sa•dstone?

The method of failure is identical in the two types or rock. The Dakota
sandstone is more resistant to penetration than the granite when bombing
"at inmpact energies in excess of 15 million font-pounds. Part F, Section |,
presents a theory of penetration of prfojectiles. in rock and discusses the
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effect of the elastic properties of the two types of rocks upon the resistance
to penetration and upon the degree of fragmentation of the rock in
the apparent craters.

3) How are the physical and 21astic properties of rocks related
to their ability to resist penetration?

The effect of the physical and elastic properties of rocks upon pene-
tration is discussed in Part F, Section 1, Items 2c, and in Part F, SectionJ
II, Item 3. The first terms of the Livingston Penetration Formula expresses
the effect mathematically and states that penetration is a function of
Poisson's ratio and of the lateral stress in the medium.

4) What determines the shape of the path of a bomb in rock?

The shape of the path of a bomb in rock is determined by the relative
magnitudes of the components of stress in the medium parallel to the axis
of the bomb and at right angles to the axis of the bomb. The component

arallel to the axis of the bomb is ndetermined by the impact energy and
y the rate at which energy is dissipated into the medium. The component

at ri ht angles to the axis of the bomb is determined by the impact energy
and oy the stress induced in the medium because of lateral confinement.

The inclination of the target surface, the angle of fall at impact, the
shape of the nose of the bomb, the diameter of the bomb, the ratio of the
len gth of the bomb to the diameter of the bomb, and the attitude of
geologic planes of weakness all influence the stress distribution in the
medium, the manner of rock failure, and the path of the bomb.

prle7) What factors determine the iize and shape of the bomb
crater in rock? si.

The factors that determine the size and shape of a bomb crater in
rock are discussed in Part C, Section 1, Items 4 and 5; and Part D, Section
I. Items 4 and 5. The relations are comrplex, but in general the rock factor,
the nose factor, the diameter of the bomb, the impact energy, and the
attitude of geologic planes of weakness determine the size and shape of
the crater, the path of the bomb, and the depth of penetration.

8) How do geologic planes of weakness influence the crater
shape annd the depth of bomb penetration?

Geological planes of weakness such as joints and bedding planes re-
lieve stress and distort the shape of the shear contours and the principal
stress entours. The bomb is caused to deviat in the direction of least
distortion of the principal stress contours. The influence of joints, faults,
and bedding lanes uton the crater shape and upon the depth of penetra-
tion is illustated in Pag. 185 and described In detail An Part F, Section 1,
Item 2. The effect of a fault, as distinguished from a joint, is o reduce
the resistance to penetration. Althoubh a fault might be thought of as
a series of closely spaced join*s thefult sone uthy is brecciated and
the broken roek altered to a greater extent than the ro-k walls. Thi effectFir

oftracotusThe boemibin n aleaio Iase toy deithe isthe piroerties of thes
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rock within the fault zone and to cause the rock to fail by plastic flow,

rather than in the manner illustrated in Fig. 184.

9) How and why does tunneling of a bomb in a rock occur?

The point at which "tunneling" begins is thought to mark the limit
between the region in which plastic flow predominates over rock failure
of the type described in Part F, Section I, Item 5. Plastic flow may occur
at a low stress range in a weak rock or at a high stress range in a strong
rock. Future fundamental research in this field is needed.

11) What types .of damage to underground installations in
sandstone and granite is possible using the types of bombs
dropped in the Bomb Penetration Tests?

Sandstones diffev substantially in their elastic properties as likewise
do granites. The types of damage to underground Installations in Dakota
sandstone and Zuni granite are discussed in detail in Part F, Section IV
and in Part F, Section V. The area above a tunnel where bombs of the
type dropped in the Bomb Penetration Tests must strike to damage the
tunnel is small. In general it would seem unprofitable to attack under-
ground installations with the types of bombs used in the Bomb Penetration

12) What in the relative efjectiveness of various types of
bombs in damaging underground installations?

The relative effectiveness of the various types of bombs are listed
as follows in order of decreasing effectiveness.

1-25,000 SAP Most effective
2- 2,000 SAP
3- 1,600 AP
4- 2,000 GP Least Effective

The criteria upon which the above list is based are 1) accuracy, 2) weightI of the explosive charge and the reist~ance of the casin to rutre 3) the

i i depth of penetration, and 4) the flgure of merit (See =ig. 206). The effec-
tiveness of an underground installation and the selection of bombs for
attack are discussed in following pages.

14) How can the theory of penetration of bombs be used to
improve the design of forifications?

Resistance to ,peetration of a massive fortification is probably a
function of Poisson a ratio of the construction material. Therefore, materials
having a high value of Poison's ratio should be considered. The placement
of reinforcing rods on the front and rear faces of thick slabs perhaps can
be improved to minimize the development of "0" cracks (See Fig. 184).
The path and the depth of penetration of projectiles striking the fortifi.
cation can be calculated for various angles of impact. The thickness of
the fortification to resist the combined effects of impact and explosion
can be calculated.

V.-4
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15) How can the vulnerable portal area of an underground
installation best be protected against bombing?

The best protection for the portal is camouflage. The next best pro-
tection is by means of the practice of "roof bolting," in which the sides of
the opening and in some instances also the roof of the opening are rein-
forced. If it is free from overburden, the surface above the opening may
also be reinforced with roof-bolts.

3-Effectiveness of an Underground Installation

An underground structure that is capable of withstanding an explosion
in the rock mass itself will not be damaged by an explosion that takes
places on the surface or in the air above the installation. Air blast will
cause some stress in the rock, but examination of Fig. 164 shows that the
stress in a three-dimensional body decreases very rapidly with increasing
depth. The peak overpressure of the shock wave 1000 feet from the explo-
sion of a nominal atomic bomb is only 100 pounds per square inch.' Figure
164 was constructed for an assumed load of 100,000 psi. Thus, it is evident
that air blast will have no effect upon a buried opening in rock.

Under some circumstances, the portal and auxiliary structures, such as
ventilation and escape shafts, might suffer damage as a result of air blast
or flying rock. Proper design would prevent such damage.

Rock masses are singularly well adapted to resist shock because of
their inherent strength and because of the rapid damping of a shock front
in the rock. The discussion of Part F. Section IV, brir.gs out the fact that
an increase in the rock cover greatly increases the resistance of an opening
to damage. The amount of rock protecting an opening is determined not
only by the depth at which the opening is placed, but also by the lateral
distance from the opening at which the bomb may strike.

Part F, Section IV, also shows how inaccurate bombing is equivalent
to adding rock cover to an underground opening. The area above a tunnel
where a bomb must strike to do the required damage is small; thus a
premium is placed upon bombing accuracy.

In view of the necessity for extreme bombing accuracy, additional
protection is obtained by camouflage of the access roads and the portal
and by not disturbing the surface above an installation. If the target is
well-concealed, it will be difficult to attain the required accuracy.

4-Effect of the Rock Upon the Bomb

From photoelastic studies of the stress distribution in the medium
(See Part E, Section V, Item 5) it has been determined zhat the forward
thrust of a bomb along the line of action is combined with a tendency to
rotate. The resistance offered to rotation by a long bomb in rock is greater
than that offered by short bomb. Thus, a long bomb is more likely to be
bent or to be damaged near the base plate than a short bomb. However,

VU. .L Atak so C¢MuIAuO. "hM 01hd Ot Atk Woemow. pe" ft fta. SLab, Mm NW. Mw
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if the long bomb is designed to withstand the stress at the tail, the vertical
deviation will be reduced and the normal penetration will be increased.

The shear stress distribution in the nose and at the juncture of the
nose and the cylindrical part of each of the types of bombs dropped in
the tests is presented in Part E, Section VI. Bcause failure of a bomb
occurs in maximum shear, those places showing a high stress concentration
are weakest. It is desirable to eliminate zones of high stress concentration
by changing the metal distribution. The 1600 AP bomb is the strongest
of the four types of bombs dropped. The design of the 1600 AP bomb
most nearly meets the requirements of ideal stress distribution, but it is
apparent that the bomb is stronger than necessary for penetrating rock.

The Livingston Penetration Formula summarizes three relations to
be observed in designing bombs to achieve maximum penetration. First,
the bomb must have a sharp nose. (See Nose Factors, Fig. 199). Second,
the bomb must have as small a diameter as is possible, because penetration
varies inversely as the diameter. Third, the bomb must have as great a
mass as is possible, because the "Q" factor (See Figs. 201, 202, and 203)
depends upon the mass.

Now consider the three requirements that a bomb suitable for attack
must fulfill.

1) The bomb must be ballistically accurate.

2) The bomb must be released from the proper altitude.

3) The bomb must carry the highest possible amount ofexplosive.

If we combine the requirements for penetration with the requirements
for attack we obtain the specifications of future bombs intended for
attacking underground installations. The technical difficulty imposed by
item 3 above can be eliminated by restating the requirement in the form:

3a) The bomb must contain the greatest possible explosive
energy, in the smallest possible space near the nose of
the bomb.

The following conclusions may be stated relative to those objectives
of the Bomb Penetration Project that are closely related to the effect
of the rock upon the bomb.

I) Which of the various bombs tested is most effective for
penetration?

For a given rock and a fixed impact energy, the penetration is pro-
portional to the nose factor. N, and inversely proportional to the diameter

,' of the bomb. d. Therefore. the best bomb for penetration is the one with
the greatest N d ratio: This is tabulated for each of the bombs dropped.

1600 AP 0.96 (most effective)
2000 SAP 0.64
2000 GP 0.48

25.000 SAP 0.38 (least effective)

~k a
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Thus, it is seen that the 1600 AP bomb is the best for penetrating a
given rock at a fixed impact energy. The 25,000 SAP penetrates more
because of its great energy, not because of its better penetration charac-
teristics. Possibly, when rating the effectiveness of various types of
bombs, further consideration might be given both to the scaling laws
and to the limits of elastic and plastic failure,

2) Can the design of bombs be improved to increase their pene-
tration into rocks?

Each of the four types of bombs dropped in the tests has certain
advantages. It seems desirable to improve the stress distribution in each
of the four types of bombs, but it does not seem desirable to design each
of the four types to increase penetration into rock. Instead it seems more
desirable to develop a new type of bomb that combines the requirements
for penetration wi the requirements for attack.

3) At what altitude can low-order detonation be expected
when bombing with general-purpose bombs?

Only one 2000 GP bomb dropped in the tests did not deform. It was
releasecd from 7000 feet above the target. It is unwise from the evidence
obtained from only one bomb drop to state that 7000 feet is the critical
altitude above which damage begins. (See Part D, Section I, Item 6).
All 2000 GP bombs released above 18,000 feet ruptured regardless of
topography or any variable. All of the 2000 GP bombs released from above
14,000 feet rebounded and were found at some distance from the crater.
From available evidence it seems that rupture and low-order detonation
of 2000 GP bombs may begin at a release altitude of approximately 8700
feet.

• .4) Can the design of 2000 GP bombs be improved to minimize
low-order detonation?

Although new laboratory techniques must be developed for applying
loads to model bombs in the photoelastic laboratory and three-dimensional
studies should be undertaken, it seems from present evidence possible to
improve the stress distribution in 2000 GP bombs without substantially
altering the present charge-weight ratio. Points of high stress concentration
as observed in the photoelastic laboratory coincide with points of failure

as observed in the field. By changing the inside and outside shape of the
bomb to eliminate bending at the nose, it seems possible that low-order
detonation due to casing failure at impact can be reduced.

5) What structural changes and hardness changes take place
itn the metal of the bomb at impact?

The metal near the nose of the bomb is affected to a greater degree
than the metal near the tail of the bomb, and the metal on the footwall
side of the bomb is affected to a greater degree than the metal on the
hangingwall side of the bomb. Flow-metal droplets form near the nose
of the bomb and spread out along the nose and on the footwall side
of the bomb. Hardness changes occur which result in a greater hardness
than the original in some places and a lesser hardness in other places.

Ii __w,
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The metallurgical and hardness changes due to impact are described in
Part E, Section IV.

6) What is the stress distribution in the nose and in the
forward port of the cylindricil portion of each of the types
of bombs dropped in the Bomb Penetration P-oject?

The stress distribution in each of the bombs for various degrees of
loading is shown in the photographs and discussed in Part E, Section VI.

7) Can the shape of the nose and the distribution of metal be
improved to increase the strength of the various bombs
tested without increasing the weight of the bombs?

The shape of the nose is the key to the stress distribution in the
forward end of all bombs. The stress distribution in sharp-nosed bombs is
superior to that in the blunt-nosed bombs. The penetration of sharp-nosed
bombs is superior to that of blunt-nosed bombs. Of the four types of bombs, I
improvement of the 2000 GP bombs seems most desirable and most
feasible.

8) What future types of bombs will be most effective against
underground installations?

It is doubtful if a bomb has yet been developed that is truly effective
against underground installations. The prerequisites for effective bombing
of underground installations are discussed in Part F, Section V, Item 4. 4
"The effect of bombing on underground installations is discussed ,n Part
F, Section IV, and each of the bombs dropped in the Bomb Penetration
Project is assigned a figure of merit which Is a measure of damage to a
"standard" tunnel.

- S-Sel--ect~on of Bombe for Attack

A bomb that is suitable for attack must fulfill three requiremente:

1) The bomb must be ballistically accurate.

2) The bomb must be dropped from an altitude that will result
in the impact kinetic energy's falling in a range of maxi-
mum penetration but still being below the energy at which
rupture of the casing and low order detonation of the ex-
plosion will occur.

3) The bomb should carry the highest possible amount of
explosive.

The first condition is necessary to meet the rmquirements of accuracy.The second is looee=y to ensure that the pay-loadi of the bomb is do-
livered as near as possle to the target. The third requirement makes for
the creation of maximum damage with whatever penetration can be
attained.

It can be shown from the Livingston Pentration F'ormula that if a
1600 AP bomb and a 2000 SAP bomb are dropped with the mame energy
upon a given rock, the AP bomb will penetrate 1.5 times deeper thian

J
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the SAP, but because the SAP bomb carries 2.58 times as much explosive
as the AP carries, the damage distance for a given degree of damage is
about 1.35 times more for an SAP than for an AP bomb, The GP bomb
carries 1.88 times as much explosive as the SAP bomb does. but because
it ruptures easily and thereby causes a low order detonation, it is not
suitable for attack purposes unless dropped from low altitudes,

The 2000 SAP bomb is the best of the three small bombs tW use.
The 25,000 SAP bomb is necessary for the attack of relatively dhep installa-
tions because of its greater penetration and greater explosive capacity.

6--Recommendations

We believe that L'andamentals of rock failure previously unknown
have been set forth in this report. Moreover, theories are presented here
which are on the frontiers of knowledge. Considering the importance of
these theories relative to the extent of the field and laboratory work upont
which they are based, it is evident that the work begun here is but a
skeleton of that which remains to be done.

1) It is our recommendation that the Bomb Penetrationt
Project be continued, particularly at the Putney Mesa sand-
stone site in the prototype rock. It is recommended that
more types of bomb and more of each type of bomb be
tested. it is recommended that experimuents be conducted in j
both the elastic and the plastic zones as set forth in Fig. 203.

It has been pointed out in this report that pin-point accuracy is a
primary prerequisite for attacking underground installations. A 10-foot
miss ofan underground installation is more serious than a 100-foot miss

.. of a surface target, In these experiments it was observed I) that
1600 AP and 2000 SAP bombs are equally accuratt, 2) that the accuracy
at 9,000 feet is better than at 18,000 feet, 3) that both the accuracy and"U the penetration are better at 18,000 feet than at 30,000 feet, 4) that the
accuracy of the 25,000 SAP bomb may be superior to that of the 1600
AP and 2000 SAP bombs at 18,000 feet.

2) It is our recommendation that a statistical study be made
of the accuracy of various types of bombs from various
altitudes, and that the results of these findings be used as a
basis of

a) determining what qualities cause a bomb to be
stable in flight,

b) determining the ballistic characteristics of future
bombs desig•ed for penetrating rocks.

A distinct possibility exists that penetration may be much greater
in the plastic range than in the elastic range. There are four possible ways
to enter the plasUtic range, a) to decrease the diameter of the bomb, b) to
increase the sharpness of the nose, c) to increase the striking velocity,
and d) to increase the mnm of the bomb. If recommendations I and 2
are adopted. fundamental data will be achieved whereby the limitt of
elastic and plasutic failure may be defilned. If reeomnmeniation 2 is adopted,
the shape and the ballistic charaeteritecs of a stUperbomb may be estab.
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lished. If the following recommendation is adopted and the evidence is
combined with the prerequisite listed in Part F, Section IV and V. a
super-bomb may be developed that will be more effective against under-
ground installations than anything yet conceived.

3) Continue a) the study of the stress distribution in a semi-
infinite solid due to the impact and penetration of bombs
and b) the study of the stress distribution in the nose, the
body, and the tail of bombs at various stages of penetration.
Determine, if possible, the proper length-to-diameter ratio
and the proper shape of the tail end of the bomb body.
Determine, if possibn, preferred shapes for each of severi
standard types of bombs, and improve, if possible, thecharge-weight ratio of each.

We have pointed out a) that the "Q" factor of the Livingston
Penetration Formula (See Part F. Section V. Item 2) expresses two
factors that can not be separated without further fundamental research,
b) that the nose correction factors of Fig. 199 are tentative because of the
limited data available.

4) It is our recommendation that fundamental research in
the photoelantic laboratory and the barodynamics labors-
tory continue towards the objective that the "Q" factors
may be stated in a mathematical form, as has been accom-
plished for the rock factor. It is suggested that this labors-
tory work proceed concurrently with recommendation I. iL

The Bomb Penetration Project was conducted in Dakota sandstone
and Zuni granite, and the Livingston Penetration Fornula was developed
from the evidence obtained from these two types of rock. It is desirable
to check the evidence upon which the formula Is based by extending the
Bomb Penetration Project to include other types of rocks. When selecting
the other types of rocks it seems desidable to select, if possible, a rock
type that may be more resistant to penetration than Dakota sandstone
and a rock type that may be less resistant to penetration than Zuni
"granite.

"5) It is recommzn~ded that the Bomb Penetration Project be ex-
tended to include rocks that are more resistant to penetra-
tion than the prototype Dakota sandstone and less resistant
than Zuni Granite. In order to determine what geologicalcl"Aes of rocks meet theme requirements, it is suggeseted
that drill carm from many localities be tested in the hero-dynamics laboratory. It is suggested that subsequent to the

laboratory work that reconnaissance surveys be conducted
to determine the suitability of proposed bombing sites in
the types of rocks selected from the laboratory studies.

It has been pointed out (See Part F, Section V) that the theoretical
maximum value of Poisson's ratio is O0S and that when this theoretical
maximum is substituted in the rock factor term of the Livingston Pne.-
"tration Formula, the theoretical minimum value of the rock factor is 04
compared to a Dakota sandstone valu4 of 1.0 It is known that hydrostatic
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conditions prevail where Poisson's ratio is 0.5. Furthermore, it is apparent
that the vertical deviation of a bomb increases as the resistance to pene-
tration increases. It is known also that as the vertical deviation increases,
the stress at the tail of a bomb likewise increases. Since water has a
Poisson's ratio of 0.5, it becomes a distinct possibility that the principles
set forth here as applying to rocks may be applicable also when designing
bombs to attack submarines. Now, it is obviously impractical to measure
the path of a bomb through water, or to observe the damage to a bomb
casing upon impact with water. However, by conducting experiments
in a rock that behaves plastically (perhaps a shale) it may be possible to
improve the design of areial torpedoes and of bombs released from high
altitudes against ships and submarines.

6) It is recommended that the path of army- and navy-type
bombs in shale and the effect of the impact upon the bomb
casing be studied. Bombs of various diameter, various nose-
shapes, and various length-to-dian'eter ratios should be
included in the tests.

Roof-bolting has been suggested as a means of reinforcing the surface
above a tunnel and of reinforcing the sides and back of a tunnel. The
suggestion is based upon the theory of crater formation (See Part F, See-
tion I, Item 4b) and upon the theory of tunnel damage (Series I and Series
II Experiments).

7) It is recommended that upon completion of the Under-
ground Explosion Test Program at the Navajo Sandstone ,
Site, that the 0.1 scale tunnel and the 0.2 scale tunnel be
reinforced underground and on the surface, and that live- bombs be dropped in an effort to destroy the openings.
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TABLE OF ERRATA

Page 5-Paragraph 5. read sites instead of cites.

Figure 9-Read 89.5/, instead of 895',.

Page 20-Paragraph 4, read northwest instead of southwest.

Page 43--Paragraph 6, read dike instead of like.

Page 64--Figure 60, read Zuni Granite instead of Zuni Sandstone.

Page 69--Read V,, to V instead of V,, to U.

Page I M- Paragraph 1, read or instead of "of".

Page 157-Last Paragraph, read fringe instead of fringer.

Page 213--First paragraph, read P, instead of P'1.
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